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ABSTRACT
Tryptophan Catabolism in Brevibacterium linens BL2
by
Madhavi Ummadi, Doctor of Philosophy
Utah State University, 2002

Major Professor: Dr. Bart C. Weimer
Department: Nutrition and Food Sciences

Recent studies suggest aromatic amino acid catabolism by starter lactococci and
flavor adjunct bacteria have a significant impact on off-flavor development during
Cheddar cheese ripening. We hypothesized that a flavor adjunct bacterium,

Brevibacterium linens BL2, produces off-flavor compounds from aromatic amino acid
metabolism that will have a detrimental impact on cheese flavor.
The mechanism of tryptophan (Trp) catabolism in Brevibacterium linens BL2,
was investigated in a chemically defined medium during incubation in laboratory
conditions (no carbohydrate, pH 6.50, 220 rpm, 25°C) and cheese-like conditions (no
carbohydrate, 4% NaCl , static incubation, l 5°C). In laboratory conditions, metabolic
studies and enzyme assays confirmed that Trp was converted to kynurenine and
anthranilic acid . However, cells incubated in cheese-like conditions did not utilize Trp,
indicating that these enzymes are not likely to be involved in formation of Trp
compounds associated with off-flavors in Cheddar cheese.

IV

In an attempt to verify the metabolic activity of the cells during incubation by
monitoring the amino acid metabolism in chemically defined medium inoculated with B.

linens BL2, a capillary electrophoresis-laser-induced fluorescence method was developed
that could separate, detect, and quantitate 18 amino acids within 38 min. The data
indicated that B. linens BL2 was metabolically active. Presumably, the cells will be
metabolically active and metabolize amino acids in cheese as well.
The ability to determine the Trp metabolic activity of B. linens BL2 in cheese, and
to quantify Trp catabolic compounds in cheese during ripening, requires a quantitative
extraction procedure. An analytical method was developed to extract and quantify
aromatic amino acids and Trp catabolites from cheese using capillary electrophoresis.
Methanol was used to extract Cheddar cheese made with Lactococcus lactis S3 alone and
in combination with B. linens BL2 to quantitatively determine the influence of BL2 on
the occurrence of aromatic catabolites. All cheeses contained aromatic amino acids,
indole acetic acid, and indole. The concentration and time taken for development of these
compounds were significantly decreased or delayed by the addition of B. linens BL2.
After 6 months of aging, the concentrations of Trp catabolites were significantly lower in
cheese made with B. linens BL2. Addition of BL2 did not directly contribute to offflavors derived from Trp catabolism in Cheddar cheese. Therefore, the hypothesis was
rejected.
(185 pages)
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CHAPTER I
INTRODUCTION

Consumer demand for low-fat and low-sodium cheese varieties has increased
greatly in recent years, as has the demand for flavorful full cheese. However, due to
difficulties in manufacturing lower fat cheeses, flavor defects such as bitter,
meaty/brothy, and unclean flavors have been encountered (Steele, 1992). Attempts to use
cell free extracts (CFE) and whole cells of flavor adjunct bacteria such as brevibacteria
have been used to accelerate ripening of full fat cheeses (Hayashi et al., 1990; Weimer, et
al., 1997).
Primary biochemical reactions during cheese ripening that lead to cheese flavor
and texture development include glycolysis, proteolysis, and lipolysis (Fox et al ., 1993).
The proteolytic activity of the starters and adjuncts make a significant contribution of
peptides and amino acids and contribute to the background brothy flavor of cheese (Fox
et al ., 1994). Undefined secondary biochemical reactions like amino acid metabolism,
fatty acid, and volatile sulfur compound degradation by staiier and adjunct bacteria are
important as well, but the mechanisms responsible for flavor production via these
pathways by cheese-related bacteria were largely undefined, despite extensive work
historically (Schormilller, 1968) and recently (Weimer et al., 1999). Recently, Dias
(1998) delineated the methionine degradation pathway in Brevibacterium linens BL2, and
the association of methanethiol with desirable Cheddar cheese flavor.
Production of many unclean flavors in cheese is associated with the metabolism
of aromatic amino acids (AAA). These reactions are often the result of complex
microbial activity, chemical reactions (i.e., Strecker degradation reactions), or a
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combination of both (Lindsay, 1991 ). Very little is known of the bacterial mechanisms
responsible for the formation of these compounds, which result in unclean off-flavors in
cheese. The susceptibility of reduced-fat cheeses to off-flavor defects has placed
importance upon understanding the biochemistry of AAA metabolism by cheese-related
bacteria. Recently, the aromatic amino acid metabolism by lactococci and lactobacilli
has been investigated, but the direct mechanism in cheese remains elusive.
Uses of traditional starter cultures have impeded attempts to manufacture
desirable flavored low-fat cheeses because gross reductions in the fat content are unable
to mask off-flavors (Olson and Johnson, 1990). Many strategies are used to improve
flavor development in low-fat cheeses, including finding slower starter cultures and the
use of adjunct cultures to boost the flavor profile. Adjunct cultures are also used to
accelerate ripening in full fat Cheddar cheese. The most common group of adjuncts is
species of Lactobacillus, but other groups include propionibacteria, micrococci,
pediococci, and brevibacteria. Production of unclean flavors and off-flavor development
in cheese is also associated with non-starter lactic acid bacteria (NSLAB) as well as some
adjunct lactobacilli and micrococci. These observations suggest that the influence of
starter culture, NSLAB, and adjuncts on cheese flavor must be investigated to increase
desirable flavor levels without introducing off-flavors in low-fat cheese.
If the biochemical pathways leading to aromatic off-flavors and unclean flavors
were better understood, rational strategies for starter and flavor adjunct culture selection
can be developed for manufacture of high quality, flavorful cheese. This work defined the
metabolism of aromatic amino acids, especially Trp, in the laboratory and in low-fat
Cheddar cheese made with B. linens BL2. The studies determined that this flavor adjunct
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did not metabolize Trp in cheese, delayed off flavor formation, and did not directly
contribute to the off flavor compounds in low-fat Cheddar cheese.
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CHAPTER II
LITERATURE REVIEW

CHEESE FLAVOR

The mechanism by which relatively tasteless cheese curd becomes distinctively
flavored cheese has been under scrutiny for many decades (Arbige et al., 1986; Law,
1984; Schormtiller, 1968). Cheddar cheese maturation or ripening usually takes several
months of complete, and is largely a consequence of microbial activity in the curd (Reiter
and Sharpe, 1971 ). It is governed by an interplay of several different factors ; controlled
and balanced degradation of casein into peptides and free amino acids by rennet, milk
enzymes, and microorganisms is generally recognized as the most important process
influencing the development of mature cheese body, texture, and flavor (Fox et al., 1993;
Law and Sharpe, 1977; Vanderwarn, 1989; Van Slyke and Price, 1979). Proteolytic
activity of starter and adjunct bacteria makes a significant contribution of peptides and
amino acids to the metabolic pool influencing basic cheese flavor (Adda et al. , 1982;
Aston and Dulley, 1982; Fox, 1993 ; Fox et al., 1994a; l 994b; Law, 1987; Olson, 1990;
Severn et al., 1986).
Differences in cheese flavor result primarily from sequential chemical and
microbial activities (Reiter and Sharpe, 1971) (Table 1). For decades numerous attempts
to relate the characteristic flavor of a given variety of cheese to either a single or a group
of compounds known to arise from microbes but these attempts have proven to be futile
(Fox, 1993). Several theories have been hypothesized for the production of Cheddar
flavor as a result of these efforts. The "Single Component Theory" states that a particular
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component present in cheese is responsible for Cheddar flavor, but it became apparent
that this was not so (Fox, 1993). Alternatively, Mtilder (1952) proposed Cheddar cheese
flavor as a delicate balance between many different compounds, and when the balance is
upset by an excess or lack of one or more of the compounds, atypical flavors result. This
hypothesis is known as the "Component Balance Theory".

Table 1. Cheddar cheese flavor compounds derived from amino acids. (Adapted from
Christensen and Reineccius, 1995; Grosch, 2001; Milo and Reineccius, 1997; Urbach,
1995.)
Hydrogen sulfide
Methyl butanoate
Methanethiol, rnethional
3-Methyl-2-butene-1-ol
2-Methyl propanal
Lactic acid
Diacetyl
Hydroxyacetone
3-Methyl-1-butanol
Dimethyl disulphide
3-Methyl-3-butene-1-ol
Dimethyl trisulphide
Acetic acid
3-Methyl butanoic acid
Pyruvic acid
Ethyl 3-rnethylbutanoate
1-Methyl propanoic acid
3-Methythio-propan-1-ol
3-Methyl butanal
Skatole2
Aceto in
Indole2
2
Phenol 2
Benzoic acid
rn and p-Cresol 2
Carbon dioxide
Carbon sulfide
Carbonyl sulfide
Forrnaldehyde
Propene
Ethyl 2-rnethylpropanoate
Phenethanol 2
Dimethyl tetrasulphide
Tryptarnine 1
Tyrarnine 1
Furaneol, hornofuraneol
1
Indicates when present they contributed substantially to the typical flavor of Cheddar
cheese.
2
Indicates that when the compound is present below flavor threshold levels it contributes
to desirable flavor in cheese.

Extensive lists of over 200 volatile and non-volatile compounds found in Cheddar
cheese have been compiled, but most are centered around short chain organic acids,
amino acids, peptides, alcohols, aldehydes, ketones, esters, ammonia, amines, carbonyl
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compounds, sulfides, pyrazines, and mercaptans (Aston and Creamer, 1986; Banks et
al., 1989; Dunn and Lindsay, 1985; Grosch, 2001; Kristoffersen, 1967; LaBell et al.,
1992; Law and Sharpe, 1977; Lowrie and Lawrence, 1972; Marth, 1963; Mtilder, 1952;
Manning, 1979; Salo, 1970; Sheldon et al. , 1971; Urbach, 1995; Weimer et al., 1999).
Although most flavor compounds are present at very low concentrations (many below
their flavor threshold level), they still influence cheese flavor (Fox, 1993). Therefore, the
Component Balance Theory is more widely accepted, but more challenging to define the
balance of compounds to reliably produce high quality flavorful cheese.
Ullrich and Grosch (1997) defined a systematic method to predict the most likely
key potent odor compounds based on aroma extract dilution analysis (AEDA). This
approach injects samples into a gas chromatograph in sequential dilutions and examines
the most dilute compounds present in the sample. Their approach to define potent odors
is based on the ratio of the odorants concentration and the threshold (odor activity value).
AEDA was used to characterize the key compounds in aged Cheddar cheese (Christensen
and Reineccius, ] 995) and low fat Cheddar cheese (Milo and Reineccius, 1997) (Table
1). However, this approach has not been applied to definition of non-volatile off-flavor
compounds in cheese.

The Role of Lactococci, NSLAB, and Brevibacteria
in Cheese Flavor Development

Among the microorganisms that play an important role in facilitating Cheddar
cheese ripening are lactic acid bacteria (LAB), non-starter lactic acid bacteria (NSLAB),
and other group of adjuncts. It is evident that bacteria-free cheeses are flavorless while
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those manufactured with single or combination of cheese starter and/or adjunct bacteria
are flavorful (Bhowmik et al., 1990; Laleye et al. , 1990; Lee et al., 1990; Reiter et al.,
1971).
The cascade of biochemical reactions leading to the production of amino acids
from caseins begins with the action of proteinases. Chymosin followed by proteinases of

Lactococcus spp. initiate degradation of casein into large- and medium-sized peptides.
These are transported into the cell and further hydrolyzed by intracellular peptidases to
yield smaller peptides and free amino acids. Broadbent et al. (1998, 2002) evaluated
peptide accumulation and contribution to bitterness in Cheddar cheese using single strain

Lactococcus lactis starters with distinct proteinase specificities. With the exception of
some bitter peptides, few other peptides and amino acids have a direct contribution to
cheese flavor but they may serve as important precursors of flavor compounds in cheese
(Fox, 1993).
Immediately after cheese manufacture, starter numbers reach up to 109 cfu/gm of
cheese. During ripening these numbers decrease, releasing intracellular enzymes into the
cheese matrix . However, our laboratory has found that starter intracellular
aminopeptidase enzymes released into the cheese matrix are significantly less active than
other intracellular enzymes and do not correlate to cheese flavor scores (Weimer et al.,
1997), raising the question of the role for starter peptidase activity in flavor beyond
bitterness and providing substrates (amino acids) for subsequent reactions. Law et al.
(1976) also concluded that the intracellular starter enzymes play no direct part in flavor
formation but could produce precursor compounds to flavor. However, in his later work
Law (1994) mentions the release of intracellular peptidases, which can act on caseins to
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form taste-enhancing peptides. This conflicting information therefore suggests that
there are many factors involved in the development of cheese flavor.
While starter numbers decrease during aging, NSLAB that are originally present
(as a result of contamination of milk supply or processing equipment) at very low
7
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numbers, increase to 10 -10 cfu/gm by their ability to metabolize small peptides and
amino acids released by starter activity (Fox, 1993; Laleye et al., 1989; 1990; Lee et al.,
1990; Steele and Unlii, 1992). Lau et al. (1991) observed that cheese made from raw
milk did ripen faster and also developed a more intense flavor than cheese made with
pasteurized milk, suggesting that NSLAB play a role in cheese ripening (Fox, 1993).
Lactobacilli predominate the NSLAB population but pediococci, and micrococci
may also be s.igni:ficant (Fox, 1993). LAB and NSLAB, present in most cheeses play a
major role in generating small peptides and amino acids in cheese (Broadbent et al. ,
1998, 2002; Dacre, 1958; Yvon et al. , 1997). While the proteolytic and peptidase
systems of LAB are studied extensively, very little is known about the AAA catabolic
mechanisms in these bacteria.
Lactobacilli possess a diverse group of metabolic activities that hasten the cheese
ripening period, and increase the intensity of cheese flavor (Christensen et al., 1995;
Dacre, 1953; Fox, 1993; Lee et al., 1990; Richardson, 1985). They are capable of doing
so, not only by their multiple enzyme systems, but also by creating other desired
conditions like pH and Eh during the ripening process (El Soda, 1993). Studies have
shown that their proteolytic specificity and diverse peptidase systems also result in acidic,
soapy, and bitter flavored cheeses (El Soda, 1993; Kowalewska et al., 1985). The
interesting observation pertaining to this investigation, which needs further exploration, is
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that some lactococcal starters (Gao et al. , 1997) and adjunct lactobacilli (Kowalewska et
al., 1985) metabolize Trp to compounds associated off-flavor compounds thereby
contributing to detrimental cheese flavor.
In Lactococcus lactis ssp. lactis or cremoris, transamination is an initial step of
aromatic amino acid degradation (Frankenberger and Poth, 1988; Gao et al., 1997).
Aminotransferases from Pseudomonas and Bacillus have been purified and have
overlapping amino acid specificities (Jensen and Calhoun, 1981 ), indicating that a
complex web of interactions will lead to similar compounds. Yvon et al. (1997) purified
an aromatic aminotransferase from Lactococcus lactis and found that it may be involved
in both biosynthesis and degradation of all three aromatic amino acids (AAA), and in the
catabolism of leucine and methionine. Their studies showed aromatic aminotransferases
to be active in conditions of cheese ripening, suggesting that they could be one of the
major enzyme systems involved in initiating aromatic amino acid breakdown in cheese
after cell lysis (Yvon et al. , 1997). However, these enzymes require pyridoxal phosphate
and the fate of this co-factor remains unclear in the cheese environment.
Earlier studies showed Lactobacillus casei metabolizes serine and threonine, but
not phenylalanine or tryptophan under cheese-ripening conditions (Kristoffersen and
Nelson, 1955). Such selective activity could account for reports that desirable cleanflavored cheeses can be made with specific strains. On the other hand, Yokoyama and
Carlson (1981) studied several ruminal Lactobacillus spp. for their capability of
degrading Trp and found that they could produce both skatole via decarboxylation of
indole acetic acid (IAA). These observations reiterate the fact that the formation of
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compounds not only varies between strains but also with the culturing environment
provided.
Another group of bacteria that are rapidly gaining interest, as flavor adjuncts are
the brevibacteria. Brevibacterium linens are traditionally used in the manufacture of
Limburger, Roquefort, Stilton, and other Trappist type cheeses (Ades and Cone, 1969;
Sharpe et al., 1977; Weimer, 1999). They produce proteases that hydrolyze casein to
non-bitter peptides more rapidly than those found in LAB (Fox, 1993; Hayashi et al.,
1990; Kristoffersen et al., 1966). Adding cell free extracts (CFE) to accelerate ripening
in full fat Cheddar cheese was investigated by Hayashi et al. (1990) and Law et al.
(1985); however, this approach led to uncontrollable ripening and caused excessive or
unbalanced flavor development due to overproduction of undesirable flavors during
agmg.
Brevibacteria lend themselves as novel flavor adjuncts especially in the
manufacture of low fat Cheddar cheese not only due to their high proteolytic, varied
lipolytic/esterolytic, and peptidase activities but also because of their ability to produce
various sulfur compounds like methanethiol (10-100-fold higher than LAB), which is
associated with Cheddar-like flavor and aroma (Chang, 1985; Dias, 1998; Dias and
Weimer, 1995; Ferchichi et al., 1986; Hayashi et al., 1990; Rattray et al., 1995 ; Sharpe et
al., 1977; Weimer, 1990; Weimer et al., 1997, 1999). When B. linens strains were tested
for their methanethiol producing capability (MTPC) it was found that the whole cells
retained MTPC, while CFE contained no measurable MTPC under cheese-like
conditions, suggesting that the enzymes responsible for methanethiol production were not
active in cheese matrix during ripening (Dias, 1998; Weimer et al., 1997). Studies using
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B. linens, NSLAB, and LAB in the production of 60% reduced-fat Cheddar cheese
found that brevibacteria significantly improved consumer sensory scores (Broadbent et
al., 1997; Weimer et al., 1997). This suggests that brevibacteria may be an alternative
flavor adjunct that adds desirable flavors, but minimizes off flavors.
Brevibacteria have been shown to catabolize free amino acids (Hosono and
Tokita, 1969) and produce specific flavor compounds like methanethiol (Dias, 1998;
Sharpe et al. , 1977). Lee and Richard (1984) studied the ability of B. linens strains to
metabolize Phe and found that the strains catabolized Phe to phenethanol and other
unknown compounds suggesting that brevibacteria can utilize Phe as a nitrogen source.
On the other hand, Jollivet et al. (1992) studied the aromatic profiles of four strains of B.

linens and one other Brevibacterium spp. for their ability to produce ripened cheese
flavor compounds. These strains utilized phenylalanine to produce phenethanol and
phenylmethanol and utilized Trp to form 2-aminobenzoic acid (anthranilate). Only two
strains of B. linens produced indole. However, the group did not identify the catabolic
pathways for these AAAs . These observations support the contention that degradation of
AAA by B. linens can form compounds, which contribute to cheese flavor and may
contribute to a few off-flavors. The pathway of degradation of these AAA was not
identified in any of the organisms. The flavor threshold levels and the concentration of
the compounds produced were not determined.

Aromatic Compounds and Cheese Flavor

Bacterial degradation of aromatic amino acids (AAA) to indole, skatole, indole-3ethanol, indole-3-aldehyde, p-cresol, phenol, phenethanol, and phenylacetaldehyde
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contribute putrid, fecal, and rosy unclean flavors in cheese when produced above the
flavor thresholds (Aston and Creamer, 1986; Dunn and Lindsay, 1985; Law and
Elizabeth, 1977; Lowrie and Lawrence, 1972; Manning, 1979; Vangtal and Hammond,
1986). The flavor thresholds of the major AAA end-product catabolites are in a variety
of backgrounds (Urbach, 1972). Although many of these compounds are found in
cheese, their exact flavor contribution and flavor thresholds are yet to be defined (Table
2).
Phenol and p-cresol are catabolites from tyrosine (Tyr) that are in Cheddar and
many other cheeses (Ney, 1981). Urbach et al. (1972) reports 0.01-0.05 ppm of phenol
contributed a strong, astringent, and cultured butter (diacetyl) flavor, which is beneficial
to the sharpness and increased flavor intensity of Cheddar cheese. At levels above 0.1
ppm, phenol produces chemical, bitter almond, stale fat, and carbolic-like off-flavors
(Table 2).
Excessive concentrations of p-cresol in Cheddar cheese cause a barny-utensil
unclean flavor while phenethanol and phenylacetaldehyde contribute rose-like unclean
flavors (Dunn and Lindsay, 1985; Lindsay, 1991 ). But the exact threshold for various
impacts is yet to be defined (Ney, 1981 ). p-Cresol at 0.002-0.005 ppm imparts a full and
sweet flavor, but levels above 0.01-0.1 ppm cause stale, sheepyard, chemical, and cattle
train odors (Table 2; Urbach et al., 1972). Other Tyr metabolites like tyramine and phydroxy-phenylpyruvate, are in cheese, but their flavor contribution is not determined.
Phenethanol and phenylacetaldehyde are catabolic compounds derived from
phenylalanine (Phe) have been identified in many cheeses (Ney, 1981 ). Flavor attributes
of phenethanol and phenylacetaldeyde are not been established.
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Table 2. Aromatic amino acid catabolites and flavor thresholds.
Off-flavor
Beneficial
Catabolite
Flavor
Threshold
Flavor
Threshold
(ppm)
(ppm)J
chemical,
> 0.1
strong,
0.01-0.05
Phenol
bitter
almond,
diacetyl
carbolic, stale
fat
> 0.01
Full and
0.002stale, sheep
p-Cresol
yard,
sweet
0.005
barny-utensil
flavor
unclean
Phenethanol pleasant
< 7.5
rose-scented
> 7.5
(lilac)

Reference
Urbach et al.,
1972; Ney, 1981

Urbach et al.,
1972; Ney, 1981

Salo, 1970; Lee
and Richard,
1984
dirty, fecal,
> 0.1
Urbach et al.,
desirable, 0.02
In dole
tarry-repulsive
1972; Parliment
creamy
et al., 1982
sweet,
0.05
intestinal,
> 0.3
Urbach et al.,
Skatole
diacetyl
stale, dirty
1972;
Schomtiller,
1968
1
The numbers denote flavor thresholds of compounds measured in synthetic butter base.

Indole is a tryptophan (Trp) catabolite often found in red-smeared surface ripened
cheeses, such as Epoisses, Pont-l'eveques, Limburger, and in Cheddar cheese (Table 2)
(Urbach et al., 1972). lndole contributes a pungent-sweet aroma in small amounts
(Parliment et al. , 1982), but higher concentrations are tarry-repulsive (Arctander, 1969;
Parliment et al., 1982; Stark et al., 1976). Urbach et al. (1972) analyzed the flavor
threshold for indole in a synthetic butter base to be 0.04-0.06 ppm, at which it contributed
a desirable creamy flavor. At 0.1 ppm, stale flavors like cream starting to sour and/or
medicinal flavors appear, while at 1.0-10 ppm dirty, stale, fecal, and mothball flavors are
noted. Even though indole is found in cheese, the mechanism for its formation is
unknown. The formation of indole can occur by a variety of microbial and chemical
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processes but one microbial means of indole formation is by the action of
tryptophanase (Tna), an enzyme found in Escherichia coli, Proteus vulgaris,

Paracolobactrum coliforme, Achromobacter liquefaciens, and Micrococcus aerogenes
(DeMoss and Moser, 1969; Lewis and Emery, 1962a; 1962b; Roth et al., 1971; Suzuki et
al. , 1991).
Skatole is also found in Cheddar cheese (Table 1) and its flavor threshold is 0.050.1 ppm when tested in a synthetic butter base (Table 2) (Urbach et al. , 1972). It
contributes flavors described as "adding fullness," sweet, buttermilky (diacetyl), and
possibly tending towards staleness. At flavor threshold levels above 0.3-1.0 ppm
intestinal, fecal, stale, and dirty flavors were observed reiterating that relatively low
concentrations of flavor compounds can significantly influence the perception of cheese
off-flavors, particularly in lower fat varieties (Urbach et al., 1972).
With the exception of indole, skatole, phenol, and p-cresol, flavor profiles of few
other AAA metabolites are known. Despite the long lists of flavor compounds in cheese
the molecular origins of these compounds are not well known. While many have
hypothesized microbial metabolism as the source, the substrates and the pathways are illdefined, especially for branched chain fatty acids and aromatic compounds. It would be
umeasonable to assume that off-flavors result from the degradation of AAAs, and
compounds that promote desirable cheese flavors are not formed. Furthermore, it is clear
that flavor compounds may be perceived as off-flavors or at suitable concentrations lend
themselves to the production of desirable flavor sensations (Urbach et al., 1972). It is for
this reason that attention must be directed towards understanding the pathways of AAA
metabolism in low fat Cheddar cheese and to what microbes are responsible.
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Aromatic Amino Acid Catabolism

Since less than 0.1 % lactose remains in cheese after pressing, and declines to
<0.01 % within 1 month, microorganisms may catabolize amino acids during cheese
ripening to acquire carbon and nitrogen for biosynthesis and energy (Reiter and Sharpe,
1971; Hemme et al. , 1982). Thereby, producing flavor compounds and energy for
survival. For example, arginine catabolism yields 1 ATP molecule via the arginine
deiminase pathway after lactose is depleted (Montel and Champomier, 1987). Apart
from providing energy and basic flavor of cheese, amino acid catabolism has also been
hypothesized to provide reducing equivalents that create a conducive environment for the
action of many oxidative enzymes (Hemme et al. , 1982).
Microbial degradation of AAAs involves complex sets of reactions (El Soda,
1993). It is considered rare that any individual organism might have the complete
enzymatic complement to degrade all AAAs (Bakke, 1969 a, b, c; Macfarlane and
Macfarlane, 1995 ; Spoelstra, 1978). However, some organisms, such as Pseudomonas
spp. in aerobic conditions, completel y degrade AAAs using mono- and di-oxygenases
that incorporate molecular oxygen into the reactants to form partial or non-aromatic
products (Macfarlane and Macfarlane, 1995; Patel et al., 1977; Rogoff and Wender,
1957; Stevenson and Mandelstam, 1965). Elsden et al. (1976) reported that ring fission
reactions predominate in aerobic conditions while side chain reactions (oxidative
deaminations, transaminations, and a-keto acid oxidations) predominate in anaerobic
conditions. Macfarlane and Macfarlane (1995) found extensive side chain modifications,
ring fission and partial breakdown of phenol and indole occur during aerobic conditions.
Cheese ripening environments (pH 5.2; 4% NaCl; 15°C) do not provide the
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thermodynamic equilibrium for these reactions to occur suggesting that some
degradative pathways may cease to occur and others may be induced (Macfarlane and
Macfarlane, 1995). This implies that AAA catabolism must be studied in conditions
relevant to cheese-like conditions to determine the exact mechanism at work during
npenmg.
End products that accumulate when cultures are grown individually can be
different from those that are formed in mixed fermentations with other bacteria (Guthrie,
1993 ). Metabolites accumulate as a function of the log phase of growth only to be used
during the latter part of incubation, suggesting that some pathways are induced during
extended incubation (i .e., in the late stationary phase). Also, change in the overall cell
metabolism occurs as a response to carbon or nitrogen starvation (Hemme et al., 1982;
Omay et al. , 1993 ; Spoelstra, 1978; Yokoyama and Carlson, 1974).
The general catabolic pathway of AAA and the compounds produced depend on
the species and strains as well as on conditions of the culturing environment (Omay et al.,
1993). Some bacteria adjust to the change in pH of the environment by varying the
activities of their deaminases and decarboxylases that are more active at lower pH values
(El Soda, 1993). Many of the enzymes discussed earlier can either be constitutively
produced in small amounts or be induced in higher amounts by their respective substrates
(Nakazawa et al. , 1978). For example, even though the starter or adjunct bacteria do not
have an essential requirement for Trp, free tryptophan in cells could induce tryptophan
aminotransferase activity, and it may produce indole pyruvic acid (Figure 1). Gao et al.
(1997) observed in Lactococcus lactis that the breakdown of all the aromatic amino acids
was initiated by the enzyme aminotransferase (ATase) under cheese-like conditions using
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Figure 1. Metabolism of Tyr and Phe in bacteria. (Adapted from Macfarlane and
Macfarlane, 1995.)

a chemically defined medium (Jensen and Hammer, 1993). AAA's are metabolized by a
wide range of intestinal anaerobes that include species of Bacteriodes, Lactobacillus,

Clostridium, Bifidobacterium, and in other species like Pseudomonas, and
Brevibacterium (Barker, 1981; Bullock and Irvine, 1956; Dahlberg and Kosikowski,
1948, 1949; Gale, 1940, 1941 , 1946; Hummel et al. , 1986; Jarret et al. , 1982; Joosten and
Kosikowski, 1987; Macfarlane and Macfarlane, 1995 ; Marth, 1963; Nakazawa et al. ,
1978; Schormuller, 1968; Silverman and Kosikowski, 1956; Yokoyama and Carlson,
1974).
Knowledge of AAA metabolism by cheese-related bacteria is essential to fully
understand the role of Trp, Tyr, and Phe in the accumulation of off-flavors in cheese with
the hope of reducing these compounds to desirable levels. Though it is essential to
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understand the AAA metabolism as a whole, Tyr or Phe catabolism will not be
discussed in my proposal since it is being investigated by (Gummalla, 2001 ). However,
to understand the various metabolites that are produced by Tyr or Phe catabolism as a
whole, a small section that briefly discusses the pathways found in cheese related
organisms follows .

Tyrosine and Phenylalanine Metabolism

In the past, a great deal of research has focused on the metabolic end products of
Phe and Tyr in terms of cheese flavor (Boer et al., 1988; Bullock and Irvine, 1956;
Dahlberg and Kosikowski, 1949; Gao et al. , 1997; Guthrie, 1993; Kosikowski, 1951; Lee
and Richard, 1984; Mabbitt, l 955; Ney, 1981; Urbach et al., 1972).
Tyrosine metabolism by intestinal microorganisms results in the formation of
phenol, p-cresol, and 4-ethylphenol, whereas phenylalanine metabolism yields phenyl
acetate and phenyl propionate (Figure 1) (Macfarlane and Macfarlane, 1995). Gao et al.
(1997) observed in Lactococcus lactis (11007) that the breakdown of all the AAA was
induced by the enzyme aminotransferase (A Tase) under cheese-like conditions. The
products formed are p-hydroxy-phenyl pyruvate (HPPA) from L-Tyr, and phenyl
pyruvate (PPA) from L-Phe. However, work done by Gummalla and Broadbent (2001)
indicated that the HPP A is further metabolized by Lactobacillus casei and L. helveticus to
form p-hydroxy-phenyl lactate and p-hydroxy-phenyl acetate from Tyr, and phenyllactate and phenyl-acetate and benzoic acid from Phe. Chemical degradation of Phe
intermediate PP A gives rise to phenyl acetate, benzoic acid, and benzaldehyde
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(Gummalla and Broadbent, 2001 ). Hummel et al. (1984) identified Phe transaminase
and dehydrogenase activities in Brevibacterium spp. to be induced by the addition of
either L-, D-, or D,L-Phe.
Lee and Richard (1984) isolated 42 microorganisms from cheese that catabolize
Phe to produce phenethanol These include bacterial such as Arthobacter, Moraxella,

Brevibacterium linens and Staphylococcus saprophyticus spp.. It was also observed that
B. linens oxidatively catabolize Phe and phenethanol to other unidentified compounds.
This group also examined 23 coryneform bacteria isolated from cheese and found that all
isolated catabolized Phe and Tyr by transamination to form phenylpyruvate and phenyl
acetate from Phe and 4-hydroxyphenylacetate from Tyr (Fujioka et al. , 1970; Lee and
Richard, 1984).
Besides Phe and Tyr end products, Trp catabolites have also been implicated in
the development of off-flavors in cheese (Ney, 1981 ; Parliment et al. , 1982; Schomiiller,
1968; Urbach et al. , 1972; Urbach, 1995). But the role of Trp degradative compounds in
cheese flavor is not clearl y understood . Lee and Richard (1984) found that
B. linens strain 47, which was isolated from Camembert cheese, catabolized Trp to

indolepyruvate and indoleacetate. Furthermore, Jollivet et al. (1992) identified that the
six strains of Brevibacterium spp. produce anthranilate. Both the groups (Jollivet et al.,
1992 and Lee and Richard, 1984) did not hypothesize or elucidate the catabolic pathway
that Jed to the production of Trp catabolites in the above organisms. Our ability to
correlate a specific flavor/odor with a catabolic end products will depend on a better
understanding of the microbial catabolism of AAA's, especially by studying them in
cheese and cheese-like conditions.
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Tryptophan Catabolism

Microbial catabolism of Trp can lead to the formation of flavor compounds such
as indole and skatole. Trp degradation varies among microorganisms but occurs through
a variety of pathways. First, using the indole pathway, Trp can be deaminated to indole
in a single step reaction (Figure 1). Second, Trp can undergo oxidative degradation to
form anthranilate by the anthranilic acid pathway. Lastly, Trp can be catabolized to IAA
via four different routes: the indole pyruvic acid pathway, the tryptamine pathway, the
indole acetaldehyde pathway, or the indole acetamide pathway.
Indole can be produced via a variety of multi-step routes or by the single step
catalysis of the pyridoxal phosphate (PLP) dependent enzyme tryptophanase (EC
4.1.99.1) (Phillips et al., 1990; Suzuki et al., 1991). Indole is the most prevalent Trp
catabolite in members of the enterobacteriaceae family, and the mechanism of this
pathway has received a great deal of attention. Much is known about the occurrence of
indole, its function, and regulation in Escherichia coli, Corynebacterium acnes, Proteus
vulgaris, Paracolobactrum coliforme, Achromobacter liquefaciens, and Micrococcus
aero genes (DeMoss and Moser, 1969; Roth et al., 1971 ). In these bacteria, the enzyme
tryptophanase is inducible by Trp and repressed by glucose (DeMoss and Moser, 1969)
whereas in Bacillus alvei, it is expressed constitutively and non-repressible by glucose
(Hoch and DeMoss, 1965).
Transamination is one of the common initial steps in the catabolism of amino
acids (Kristoffersen and Nelson, 1955). Tryptophan transaminase (EC 1.4.3.2) results in
the formation of indole pyruvic acid (IPA). Aminotransferases have been found in
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Corynebacterium glutamicum and particularly high in B. jlavum (Fazel and Jensen,
1979).
Characteristics of these aminotransferases in brevibacteria, several cheese
coryneform bacteria, and lactococci have been well studied but in lactobacilli and other
non-starter organisms are more obscure (Gao et al., 1997; Lee and Desmazeaud, 1985;
Lee et al., 1990). Chung et al. (1975) found anaerobic bacteria like Bacteroides fragilis
subsp. thetaiotaomicron , and Citrobacter spp., convert Trp to indole-acetic acid (IAA)
through the formation of indole pyruvic acid (Figure 2). Recently, Gao et al. (1997) and
Gummalla and Broadbent (1999), confirmed that Lactococcus lactis S3 and Lactobacillus

casei and Lactobacillus helveticus could degrade Trp to form indole pyruvic acid, indole
acetic acid, and indole-3-aldehyde. IAA is of interest as a plant growth regulator, and in
cattle rumen where it appears to be a precursor of skatole, which predisposes cattle to
pulmonary emphysema (Oberhansli et al., ] 991; Yokoyama and Carlson, 1979).

Enterobacter, Pseudomonas, Agrobacterium, Bradyrhizobium, Clostridium,
Ruminococcus, and Rhizobium spp. also produce IAA, and it is a virulence factor in plant
pathogens (Honeyfield and Carlson, 1990; Oberhansli et al., 1991; O'Neil, 1968;
Schroder et al. , 1984; Scott et al., 1964; Thomashow et al. , 1984; Yokoyama and Carlson,
1974).
Skatole formation has been detected in Lactobacillus helveticus (strain AR2),

Lactobacillus sp. (strain 11201), Clostridium scatologenes, Clostridium nauseum,
Rhizobium, and Pseudomonas species (Honeyfield and Carlson, 1990; Kowalewska et al.,
1985; Yokoyama and Carlson, 1979). Formation of skatole in these genera is an
anaerobic process, with the exception of Pseudomonas. Biochemical evidence suggests
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that the first step in IAA production in Rhizobium meliloti 102F34 is likely to be
transamination of Trp to IP A, which could then either be spontaneously degraded to IAA
and indole-3-aldehyde or be specifically decarboxylated to indole acetaldehyde and then
converted to IAA (Kittell et al., 1989).
Decarboxylation of Trp to tryptamine by the enzyme tryptophan decarboxylase
(EC 4.1.1.28), in the presence of PLP, follows the tryptamine pathway. Tryptamine has
been identified in several cheeses and the decarboxylase activity is widely distributed in

Achromobacter, Micrococcus, and Staphylococcus (Joosten and Northolt 1987;
Nakazawa et al., 1978). Tryptamine is further oxidized to l3Aald in these organisms by
tryptamine oxidase (EC 1.4.3.4) that can further be metabolized to form skatole (Figure
1) (Chung et al., 1975).
In a few Pseudomonas and Enterobacter species the pathway of L-Trp
degradation is by the indole acetaldehyde pathway (Narumiya et al., 1979). In this
pathway the enzyme tryptophan-side chain oxidase (TSO) (EC 4.1.1.43) converts Trp to
indole acetaldehyde, which may be reduced to IAA by indole acetaldehyde
dehydrogenase (EC 1.2.3.7) (Figure 1; Lai et al., 1991; Narumiya et al., 1979). IAA can
be further degraded to skatole by the action of the enzyme IAA oxidase (Netscape-Trp
Biosynthesis site).
The indole acetamide (IAM) pathway has been studied in detail in Pseudomonas

savastanoi (Kosuge et al., 1966; Comai and Kosuge, 1980, 1982), Erwinia herbicola
(Clark et al., 1993), and Agrobacterium tumefaciens (Schroder et al., 1985; Thomashow
et al., 1984). In this pathway, tryptophan 2-mono-oxygenase (EC 1.13.123) converts Trp
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to indole acetamide (JAM) and then indole acetamide hydrolase catalyzes the
conversion of JAM to JAA (Figure 1; Comai and Kosuge, 1980, 1982).
Another pathway of oxidative degradation of Trp results in the formation of
anthranilic acid. This occurs by the sequential action of three enzymes: tryptophan 2,3
di-oxygenase (EC 1.113.1.12), kynurenine formidase (EC 3.5.1.49) and kynureninase
(EC 3.7.1.3) (Franz et al., 1967; Gaertner et al., 1971; Iwamoto et al., 1995; Jakoby,
1953; Leeds et al., 1993) resulting in N-formyl-L-kynurenine, kynurenine, and anthranilic
acid respectively (Figure 1). The anthranilic acid pathway is found in many bacteria;
such as denitrifying bacteria like Pseudomonas spp., Rhodococcus erythropolis,

Streptomyces parvulus, in Brevibacterium spp. and fungi such as Neospora crassa,
Asperigillus niger, and Saccharomyces cerevisiae (Aoki et al., 1984; Brown et al., 1986;
Hisatsuka and Sato, 1994; Lochrneyer et al. , 1992; Shetty and Gaertner, 1973 ; Takeuchi
et al. , 1980). Though Jollivet et al. (1992) did detect anthranilate production in four
strains of Brevibacterium linens and one other Brevibacterium spp. but they did not
identify or verify the catabolic pathway.
This information suggests microorganisms follow various pathways to catabolize
Trp to produce undesirable flavor compounds. Investigations to study the catabolic
pathways or the enzyme systems involved that contribute to off-flavors during cheese
ripening by cheese starter cultures and specific flavor adjuncts such as brevibacteria are
yet to be made.
Mechanism of AAA catabolism in B. linens that can lead to the formation of offflavor compounds in cheese is unknown. One important criterion, used for selection of a
suitable flavor adjunct, is its ability to produce desirable characteristics, but it also
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depends on its ability to limit off-flavors. Information of the AAA pathways in these
bacteria will help in selecting strains that have desirable AAA catabolic activities thereby
minimizing the potential for off-flavor production. Therefore, this study will
systematically evaluate the L-Trp catabolic pathway in B. linens BL2, determine their
cellular Trp catabolic enzymes, Trp intermediate metabolites and end-products, and
investigate the occurrence of Trp catabolites in 60% reduced-fat Cheddar cheese.

HYPOTHESIS AND OBJECTIVES

Aromatic amino acids are degraded by Brevibacterium linens to catabolites that
contribute to off-flavor development in Cheddar cheese. Jn order to test this hypothesis
the following obj ectives were met:
1.

To determine the metabolism of amino acids of B. linens BL2 in laboratory and
cheese-like conditions during Trp metabolism.

2.

To determine the Trp catabolites and assess the survival of B. linens BL2 when
grown in chemically defined medium (CDM), and incubated in laboratory (no
sugar, pH 6.5 , 25°C, aeration) and cheese-like conditions (no sugar, pH 5.2, 4%
(w/v) NaCl, l 5°C, static incubation).

3.

To investigate the occurrence of Trp catabolites in 60% reduced-fat Cheddar
cheese with the addition of B. linens BL2.

4.

To delineate the Trp catabolic pathway in laboratory and cheese-like conditions.
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PREAMBLE

The chapters in this disse1iation do not match the objectives as they are stated.
Some of the objectives were combined and published, while others sub-objectives were
split out and published separately. The short description below was included in an effort
to help define what chapter meets the objectives for this work.
In order to monitor amino acid metabolism during growth and survival in longterm incubation a very sensitive method was needed to verify metabolic activity. Initial
work using automated HPLC amino acid analysis indicated that this method was not
adequate; therefore, we developed a method that achieved high resolution and ultrasensitive (attomole) detection of amino acids using capillary electrophoresis-laserinduced fluorescence (CE-LIF) detection system. Chapter III describes this method to
quantitate 18 amino acids in a defined medium (CDM) and meets the criteria for
objective 1. This method was also used in Chapter IV, to verify the metabolic activity of
the cells during incubation by monitoring the amino acid metabolism in the growth media
inoculated with B. linens BL2 in laboratory and cheese-like incubation conditions, as
outlined in objective 1 and 2.
Previous use of water extracts qualitatively identified AAA catabolites from
cheese that have an impact on flavor. This approach mimics the water phase of cheese
and is aimed at defining the water-soluble compounds in cheese. However, the aim of
this work was to determine the concentration of these compounds in cheese during
ripening and that requires a quantitative extraction procedure. To meet this need various
extraction solvents were evaluated to quantitatively extract AAA and Trp catabolites
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directly from cheese. Chapter VI describes the extraction method and the subsequent
experiments to extract, identify, and quantitate AAA and Trp catabolites in 60% reduced
fat Cheddar cheese made with B. linens BL2. These two sets of experiments meet the
criteria outlined in objective 3.
To date, reports of aromatic metabolites have focused on the occurrence in
cheese. However, the metabolic mechanisms associated with these compounds in cheese
have not been described . This work meets objective 4 and was combined with work from
objective 2 and is described in Chapter V that delineates the Trp catabolic pathway in B.

linens BL2 during growth in a chemically defined medium and incubated in laboratory
conditions (no carbohydrate, pH 6.50, 220 rpm, 25 °C) and cheese-like conditions (no
carbohydrate, 4% NaCl , static incubation, l 5°C).
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CHAPTER III
USE OF CAPILLARY ELECTROPHORESIS-LASER INDUCED
FLUORESCENCE FOR ATTOMOLE DETECTION OF AMINO ACIDS IN A
BACTERIAL GROWTH MEDIUM 1

ABSTRACT

A capillary electrophoresis-laser induced fluorescence (CE-LIF) detection system
was developed to identify and quantitate 18 amino acids and separate 17 of these at
attomole (10- 18) concentration, based on four factors sodium borate concentration, buffer
pH, operating voltage, and operating temperature. Amino acids were derivatized with 3(4-carboxybenzoyl)-2-quinolinecarboxaldehyde prior to analysis. A run buffer system
containing 6.25 mM borate, 150 mM SDS, and 10 mM THF (pH 9.66) at 25 °C, and 24
kV provided a method for high resolution and sensitive analysis of amino acids with LIF
detection. The rate of derivatization, stability of the labeled amino acids, and amino acid
quantitation varied for each amino acid. Amino acids were detected with greater
efficiency by this method than an automated HPLC-based amino acid analysis. Bacterial
amino acid utilization in a chemically defined medium was successfully monitored using
this method.

1
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INTRODUCTION

Amino acid analysis is an area of interest and challenge for biological samples.
The need for a high-resolution separation technique for amino acids combined with ultrasensitive detection is a long-standing need [l]. Methods to identify amino acids, proteins,
and peptides help clarify the nature of proteins, and in growth media are useful for
studying metabolic pathways [2].
Amino acids comprise a mixture of acidic, basic, and neutrally charged molecules,
thereby posing a major constraint in facilitating optimal separation. Even though a
particular pH can improve the resolution of one group of amino acids, it may likely cause
overlap among others [3]. High-performance liquid chromatography (HPLC) procedures
have been extensively utilized in the separation of amino acids. However, capillary
electrophoresis (CE) as an analytical tool is gaining in use and acceptance. The main
advantage of using CE over HPLC is its speed of analysis, which eliminates the need for
gradient elution [2]. Other advantages include robustness of CE methods over HPLC
since they rely on simple mobility differences between solutes or their interaction with
additives, and the ability to analyze complex samples such as serum plasma and
glycoproteins [3]. Micellar electrokinetic capillary chromatography (MECC) is a
technique that involves the use of charged micelles to separate uncharged and charged
molecules by means of a pseudo-micellar phase that is created through hydrophobic
interactions between solute molecules and detergent [3].
Because many amino acids are not readily detectable in their native state by
analytical techniques such as liquid chromatography or CE (with the exception of

41
aromatic amino acids), a pre- or post-column derivatization with a chromogenic or
fluorescent compound is needed. A variety of derivatizing agents ( chromophore or
fluorophore) such as dansyl chloride (DNS) [4-5], o-phthalaldehyde (OPA) [6-7]
naphthalene-2, 3-dicarboxaldehyde (NDA) [4] , fluorescein isothiocyanate (FITC) [8-9],
fluorescamine [10], and 3-(4-carboxybenzoyl)-2-quinolinecarboxaldehyde (CBQCA) [11]
are used to label amino acids [1] . Although use of chromogenic labels is common, the
high detection sensitivity of fluorophores have made them particularly useful in CE
applications [2). Availability of automated systems combining CE and LIF make
possible separation and detection of fluorophore-labeled amino acids.
Increasing knowledge of CE and LIF have greatly improved the ability to
efficiently separate and quantitatively detect even low concentrations of amino acids,
peptides, and proteins [11-12). Nickerson and Jorgenson [13) compared the relative
sensitivities of OPA, FITC, and NDA derivatization procedures on amino acids using CELIF detection. An extremely rapid and efficient separation (75 s) of eight NDA-labeled
amino acids (<0.5 speak width) was reported using a high field (30 kV) in short
capillaries (35 cm, IO µm ID) with a detection limit of 0.4 attomoles. Nishi et al. [14]
separated 2, 3, 4, 6-tetra-O-acetyl-13-D-glucopyranosyl isothiocyanate (GITC)-derivatized
DL-amino acids using MEKC with different levels of sodium dodecyl sulfate (SDS). At
0.2 M SDS, I 0 amino acids were resolved in neutral and alkaline conditions within 40
min. CBQCA derivatization using a pH 7.00 run buffer qualitatively separated 17 amino
acids within 30 min [IO). Bergquist et al. [12] also used CBQCA and monitored 8 amino
acids from microdialysate samples of periacqueductal grey matter in rats. Mank and
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Yeung [15] developed a sensitive method using diode-LIF and synthesized
diacarbocyanine fluorophore to separate 18 amino acids and tyramine.
These studies suggest a large number of derivatization agents and run conditions
can be coupled in different combinations to separate a mixture of amino acids. However,
the selection of a suitable combination largely depends upon the specific requirements of
the sample. Such an approach must also consider factors such as cost, time, simplicity of
method, and overall feasibility.
Amino acids are closely related ionic compounds and altering borate
concentration and buffer pH can influence their separation. Modification of operating
temperature and voltage are also used to optimize separation, but these can bring about
only subtle changes that complement the optimization achieved with a suitable buffer
condition [1]. The concentration of borate in the buffer is known to greatly influence
separation of mixtures of compounds by its ability to alter EOF [1, 16]. For this reason
run buffer concentration was optimized first, then buffer pH, operating temperature and
voltage.
The primary interest of this work was to develop a sensitive method to monitor
use of amino acids during bacterial growth. The application of current techniques to
detect, separate, and quantitate amino acids for this study proved inadequate. These
investigations, showed that a combination of CE-LIF was optimized to achieve the
desired separation and sensitivity using pre-column primary amine derivatization with
CBQCA followed by MEKC with SDS/borate/tetrahydrofuran (THF) run buffer.
The effect of varying levels of a) sodium borate concentration, b) buffer pH, c)
operating temperature, and d) operating voltage were examined for optimal separation of
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amino acids. The rate of derivatization, stability of the labeled amino acids, and amino
acid quantitation were also investigated. Amino acids in CDM, a bacterial growth
medium were compared by this method with a conventional automated amino acid
analysis. The utility of the method was tested to monitor patterns of bacterial amino acid
utilization in CDM.

MATERIALS AND METHODS

Chemicals
LIF performance test mixture (fluorescein), capillary performance run buffer A,
and capillary regeneration solution A were purchased from Beckman Instruments Inc.
(Fullerton, CA). All amino acids, standard solution of amino acids, and nor-leucine were
obtained from Sigma Chemicals (St. Louis, MO). Analytical grade SDS, tetrahydrofuran
(THF), 2-[n-{tris (hydroxymethyl)methyl}amino]-ethanesulfonic acid

(TES) , ~

cyclodextrin, 1,5-diaminopentane (DAP), sodium hydroxide, methanol (HPLC grade),
and potassium cyanide were also purchased from Sigma Chemicals (St. Louis, MO). The
ATTO-TAG CBQ derivatization kit was obtained from Molecular Probes, Inc. (Eugene,
OR).

CE Separation and LIF Detection
Run buffers of different pH and sodium borate concentrations were used. All
buffers were freshly prepared by dissolving appropriate amounts of sodium borate (6.25,
12.5, 25, and 50 mM), and 150 mM SDS in distilled deionized water, and THF was added
to a final concentration of 10 mM. The pH was adjusted using 1 M NaOH (pH 9.05, 9.3 ,
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9.6, and 9.66). Operating voltage (22 .5 and 24 kV) and temperature (22, 25 , 27, and
30°C) of electrophoresis were also varied.
The CE/MEKC method was used as described by Strickland et al. [17] was used
as a initial run condition. AP/ACE 2100 automated CE system fitted with the LIF
detector, the Laser Module 488, and Beckman system gold chromatography software
(Beckman Instruments, Inc., Fullerton, CA) were used. Optical filters of 488 nm and 560
nm were used for excitation and emission, respectively. Sample electrophoresis was
performed using the appropriate run buffer, operating voltage and temperature with a 1 s
pressure injection (~6 nl) into a 75 µm i.d. x 107 cm untreated silica capillary. After
electrophoresis, the capillary was rinsed for 1 min at high pressure with 0.1 M NaOH
followed by a 2 min high pressure rinse with run buffer [17].

Derivatization

A 10 mM solution of ATTO-TAG CBQ in methanol was prepared in a sterile 15
mL centrifuge tube by sonication until a clear solution was obtained (~ 1-5 min). A
working solution of 420 µM of CBQ was prepared by dilution in methanol. All CBQ
stocks were stored at -20°C in a capped vial protected from light. A 420 µM working
solution of potassium cyanide (KCN), and 1 mM nor-leucine (NL) (pH of both solutions
adjusted to 11 .0 with 1 M NaOH) were prepared with fresh distilled deionized water and
stored at 4°C. At least a six-fold molar excess of CBQ, and a five-fold excess ofKCN
were used for derivatization of amino acids. Amino acid solutions, and the internal
standard were adjusted to pH 9.0 using 1 M NaOH. A typical reaction mixture contained
2 µL (10 µM) of amino acid solution, 10 µL (120 µM) ofKCN, 6 µL (30%) of methanol,
11 µL (70%) of water, and 5 µL of CBQCA (60 µM). Prior to addition of the
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derivatization agent, 0.5 µl (8.163 µM /sample) of internal standard was added to all the
reaction mixtures. After gentle mixing, the reaction mixture was incubated in the dark at
25 °C for 24 h. Before analysis the samples were placed in the temperature-controlled vial
housings of the CE instrument (10-lS°C) to reduce solvent evaporation during analysis.
Fresh and spent CDM samples (1 , 3, 11 , 14, 18 d) were also derivatized as above.
To measure rate of derivatization, CDM was labeled with CBQCA as above and
samples were analyzed at hourly intervals for 64 h. The time of maximal labeling and
stability of the labeled amino acid was determined from the above data.
To compare the detection efficiency of the CBQCA derivatized CDM with a
conventional amino acid analyzer, an aliquot of freshly prepared sterile CDM sample was
analyzed by the CE-LIF system and by Syn-Pep Corp. (Dublin, CA) using a 6300 amino
acid analyzer (Beckman Instruments Inc. , Fullerton, CA).

Bacterial Growth Medium

A amino acid growth medium, CDM lacking carbohydrate (pH 6.5) was used to
grow the bacteria [18]. Cells were incubated in CDM with or without aromatic amino
acids and CDM containing all aromatic amino acids. Concentrations of amino acids were
calculated by comparing the individual amino acid peak areas to that of the internal
standard NL.

Bacterial Strain

Brevibacterium linens strain BL2 was used in this study. Stocks were frozen in
tryptic soy broth (TSB) containing 30% glycerol and kept at -70°C. Before each use,
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stocks were incubated in TSB at 25 °C with shaking at 220 rpm, and subcultured twice
prior to inoculation into 100 mL of CDM.

RESULTS AND DISCUSSION

Preliminary Investigation of Electrophoresis
Run Buffers

MEKC was used to examine various buffers and run condition combinations.
However, these did not result in desired separation of a standard mixture of 20 amino
acids (Fig. 3).
Separation of up to 18 CBQCA derived amino acids using run buffer containing
50 mM TES and 50 mM SDS (pH 7.02) [11] was reported earlier, but attempts to use this
method were not satisfactory.
Electropherograms obtained with the use of different electrophoretic conditions
clearly showed these methods could not separate all the amino acids (Fig. 3).
Consequently, the need arose for an alternative buffer system for identification and better
separation of a mixture of amino acids. Therefore, a combination of sodium borate, and
the effect of run buffer additives anionic surfactant (SDS), and organic solvent THF were
investigated to decrease the electro-osmotic flow (EOF).
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Figure 3. Variations in the run buffer composition to optimally separate and identify
CBQCA derivatized standard amino acid mixture [10 µM] /mL.
A: 50 mM Na Borate, 20 mM ~-cyclodextrin , 150 mM SDS (pH 9.50) (Beckman
Instruments, Inc., Fullerton, CA); B: 50 mM Na Borate, 20 mM ~-cyclodextrin (pH 9.50);
C: 50 mM Na Borate, 150 mM SDS, 10 mM THF (pH 9.50); D: 50 mM TES, 50 mM
SDS (pH 7.02) (10); E: 50 mM Na Borate, 150 mM SDS, 2 mM DAP (pH 9.50); F: 100
mM Na Borate, 40 mM SDS (pH 8.50) (17).

Optimization of Run Conditions and Run
Buffer Composition

Borate concentration
Increased ionic strength of the run buffer causes longer migration time and increases zone
focusing [1] , so the concentration was optimized to balance increasing run times with
better separation. The effect of four borate concentrations (6.25 mM, 12.5 mM, 25 mM,
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50 mM) were examined at an operating voltage of 22.5 kV , operating temperature of
25°C, and run buffer pH 9.66. Each condition allowed identification of various amino
acids (Figure. 4).

50 mM Borate

25 mM Borat
15

NL
12.5 mM Borate

6.25 mM Borate
30

35

40

45
Time (min)

50

55

60

Figure 4. An example of the influence of sodium borate concentration on the separation
of amino acids in a chemically defined bacterial growth medium (CDM) after the buffer
mixture was optimized for the pH and additive concentrations. MEKC was done using
150 rnMSDS, 10 mMTHF, 22.5 kV, pH 9.66, and 25°C with varying borate
concentrations: (A) 50 mM; (B) 25 mM; (C) 12.5 mM; (D) 6.25 mM sodium borate.
Sterile CDM was used as a standard amino acid mix as defined in Table 2. The amino
acids are labeled as 1=Ser, 2=Gln, 3=Met, 4=Asn, 5=Thr, 6=Tyr, 7= Ala, 8=GlyNal,
9=His, 1O=Pro, 11 =Cys, 12=Ile, 13=Phe, 14=Leu, Nle= norleucine; internal standard,
15= Glu, l 6=unknown, l 7=Arg, l 8=Asp.
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As the concentration of borate in the run buffer increased, amino acids changed
their elution order and co-migrated. For example, at 12.5 mM borate concentration, amino
acids proline (#10) and cysteine (#11), phenylalanine (#13) and leucine (#14), and arginine
(#17) and aspartic acid (#18) co-migrated (Fig. 4). At 25 mM borate levels histidine(# 9)
migrated between alanine (#7) and glycine(# 8) and phenylalanine (#13) with leucine
(#14) (Fig. 4).
In all cases, only amino acids within each elution group were seen to co-migrate
together. This can be explained by the similarity of the nature of side chains among
amino acids in each of these groups. The duration of the run increased with increasing
borate concentration (65 min at 50 mM) (Fig. 4) and was shortest at 6.25 mM (38 min)
(Fig. 7; Panel-A). This lead to the predictable separation based on amino acid side chain
similarity.
Three elution groups were observed at 6.25 mM borate concentration. All amino
acids with uncharged polar side chains (threonine, tyrosine, asparagine, glutamine, and
serine), except cysteine, were included in the first group of amino acids, which migrated
between 25-27 min. The second group migrated between 27-31 min and included all
amino acids with non-polar side chains (alanine, glycine, valine, isoleucine,
phenylalanine, leucine, and proline ). The last group, constituting of all the amino acids
with charged side chains (aspartate, arginine, and glutamate) except histidine, migrated
between 35-38 min. This method could not identify tryptophan and lysine. The lack of
tryptophan detection is in contrast with the work of Liu et al. (11], but the inability to
detect lysine is consistent with their method and occurs due to fluorescent quenching
[ 11] .
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The basis for the amino acid pattern can be explained by the mechanism of
MEKC separation, which relies upon partition chromatography of solute molecules with
micelles [19] . The ionic micelle generally migrates slower than the bulk solution in the
capillary. Consequently, the amino acid that is incorporated into the micelle migrates
slower than the amino acid that is in the surrounding aqueous phase [20-22]. Neutral
molecules separate because of differential partitioning into micelles. Highly polar,
uncharged groups do not interact with the micelles, so they migrated at the velocity of the
EOF. Accordingly, hydrophilic amino acids migrated faster than hydrophobic amino
acids.

Operating voltage
Increase in operating voltage increases EOF and decreases the time of elution.
Joule heating is an important negative effect of electrophoretic separation of molecules
that caused peak broadening. To select a suitable voltage that effectively reduced
retention time and have negligible joule heating, an Ohm ' s plot for dissipation of heat
was used [16]. Operating voltages of22 .5kV and 24kV were used in a run buffer (pH
9.66, 6.25 mM borate), at an operating temperature of 25°C. Both these operating
voltages did not result in joule heating in the above run buffer. However, the latter
voltage (24 kV) effectively reduced the run time of elution to less than 38 min while
maintaining resolution that was obtained at 22.5 kV (Fig. 4).

Buffer pH
Change in the buffer pH alters the mobility of analytes by changing the charge of
analyte molecules and the capillary wall [l]. High buffer pH is correlated to an increase
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in EOF, and thus faster elution of amino acids [1]. To identify the optimal pH for
separation of a mixture of CBQCA labeled amino acids, buffer pH was examined in a run
buffer containing 6.25 mM borate at an operating voltage of 24 kV and an operating
temperature of 25°C (Figure. 5). Retention times of different amino acids and the pattern
of their migration patterns varied with pH. Run buffer pH was an important factor in
obtaining optimal separation of amino acids. At pH 9.66, 17 amino acids were optimally
separated within 38 min (Fig. 5).

Operating temperature
Operating temperature is an important parameter of MEKC that can influence the
elution of amino acids as well. Operating temperature was investigated with the aim of
reducing run time and optimizing separation. MEKC was done at 22, 25, 26, and 27°C
(pH 9.66, 6.25 mM borate, and 24 kV). AA elution time decreased with increasing
operating temperatures (Fig. 6) and was shortest at 27°C (35 min) (Fig. 6). However, at
this temperature, some amino acids co-migrated and prevented good resolution (Fig. 6).
Optimal resolution of 17 amino acids was achieved at 25°C in a run time of 38 min.
Therefore, 25°C was selected as the desired run temperature (Fig. 6).
Based on the effects of sodium borate concentration, run buffer pH, operating
temperature, and voltage, baseline separation of 17 CBQCA-labeled amino acids was
attained within 38 min in a run buffer containing 6.25 mM sodium borate, 150 mM SDS,
and 10 mM THF (pH 9.66) at 24 kV and 25 °C (Fig. 7).
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Figure 5. Effect of buffer pH on the elution pattern of amino acids. MEKC was done
with 6.25 mM sodium borate, 150 mM SDS, 10 mM THF, 24 kV, and 25°C. Sterile
CDM was used as a standard amino acid mix, and their concentrations are indicated in
Table 4. Group A (1. Ser, 2. Gln, 3. Met, 4. Asn, 5. Thr, 6. Tyr); Group B (7. Ala, 8.
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Figure 6. Effect of operating temperature on the elution pattern of amino acids. MEKC
was done with 6.25 mM sodium borate, 150 mM SDS, 10 mM THF, 24 kV, and 25 °C.
Sterile CDM was used as a standard amino acid mix, and their concentrations are
indicated in Table 4. Group A (1 . Ser, 2. Gin, 3. Met, 4. Asn, 5. Thr, 6. Tyr); Group B (7.
Ala, 8. GlyNal , 9. His, 10. Pro, 11. Cys, 12. Ile, 13. Phe, 14. Leu, NL); Group C (15. Glu,
16.Unk, 17. Arg, 18. Asp) .
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AAA Quantitation

Derivatization rate, stability, and sensitivity
Initial use of Molecular Probes, Inc. (Eugene, OR) methods for ATTO-TAG CBQ amine
derivatization did not label amino acids maximally with one hour of incubation as noted
in the instructions. The need for longer periods of incubation to achieve maximal
derivatization was reported earlier (12].

Table 3. Optimum CBQCA derivatization time of amino acids and their detection
concentrations analyzed using chemically defined medium.
Rate of
Lowest detectable
Amino
derivatization
Time to complete Stability
concentration
(µM/h)
derivatization (h) time (h)
(attomoles)
acids
34
816.30
1. Ser
12
79.40
34
12
587.10
57.10
2. Gln
24
115.00
22.40
3. Met
6
63 .10
12
34
649.30
4. Asn
60.00
14
34
720.30
5. Thr
6. Tyr
23.00
12
28
236.70
34
7. Ala
93.60
12
963.00
24
1142.80
8. GlyNal
182.30
12
9. His
53.80
34
276.40
6
10. Pro
144.90
34
12
1490.70
11. Cys
8.20
20
34
141.60
12. Ile
12.70
34
12
130.80
10.10
34
13. Phe
12
103 .90
14. Leu
12.70
12
36
130.80
34
NL
23.80
6
15. Glu
226.80
12
28
2332.30
16. Unk
34
12
34
246.30
17. Arg
23.90
12
18. Asp
62.70
12
34
644.40

Thus, the time for complete CBQCA derivatization and the stability of each labeled
amino acid was examined. Maximal derivatization varied from 6-20 h in CDM, while 14
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of the 18 amino acids required -12 h (Table 3). The labeled amino acids remained stable
up to an average 34 h, except methionine (24 h), glycine (24 h), tyrosine (28 h), and
glutamine (28 h) . When the sterile CDM was evaluated the lowest detectable
concentration for CBQCA-labeled amino acids was I 00-2400 attomoles for a 1 sec
injection (-6 nL injection volume). This result is consistent with the range of detection
limits obtained by Liu et al. [11].

Commercial AAA vs. CE-LIF CBQ Detection Efficiency

The ability to quantitate amino acids in sterile CDM with this method was
compared to conventional automated amino acid analysis. The detection efficiency of 14
amino acids was greater using the CE-LIF method (Table 4). The automated analysis
did not detect glutamine, methionine, Jeucine, asparagine and cysteine in CDM,
however, these were detected by the CE-LIF method. Efficiency of the automated
detection of phenylalanine and isoleucine was higher than the CE-LIF CBQ method
(Table 4).

Repeatability

The repeatability of this method was assessed by examining replicates of a standard
amino acid mixture for the migration time. Within a day of analyses for within-day
variation had migration RSD values that ranged from 0.33 to 0.99% for inidividual amino
acids (Table 5), and had an average RSD value over all amino acids of 0.44%. Tests
done to estimate the variability between days, resulted in RSD values that ranged from
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0. 72 to 1. 51 %. These results provide evidence that this test has adequate variability to
provide reliable migration times, identification, and quantitation of amino acids in
unknown samples.

Table 4. Comparison of efficiency of amino acid analysis using conventional HPLC
AAA and CE-LIF AAA with CBQCA derivatization.
Automated
analysis
CE-LIF
Automated
detection
AA by
detection
Amino acid
analysis
efficiency 1
efficiency 1
CE-LIF
(µM)
(µM )
(%)
Amino acid
(%)
(µM)
Ser
952.30
603.15
63 .3
1124.38
118.1
Gin
684.90
0.00
0.0
571.55
83.5
0.00
0.0
Met
134.20
106.21
79.l
0.00
0.0
Asn
757.50
777.88
102.7
840.30
83.4
855.23
701.05
Thr
101.8
276.20
221.70
80.3
273.88
Tyr
99.2
1123.50
926.75
] 16.7
Ala
82.5
1311.10
2188.00
GlyNal
2188.00
1553.10
71.0
100.0
His
322.50
261.80
81.2
331.80
102.9
1739.10
1518.20
87 .3
1879.75
108.1
Pro
0.00
165.20
112.35
0.0
Cys
68.0
152.60
194.02
Ile
127.1
155 .05
101.6
Leu
152.60
0.00
0.0
277.55
181.9
Phe
121.20
125 .38
103.5
65 .63
54.2
Glu
2721.00
1836.84
67 .5
4403 .53
161.8
Arg
287.30
222.l 0
77.3
292.78
101.9
Asp
751.80
522 .77
69.5
84.0
631.40
Trp
122.50
0.00
0.0
0.00
0.00
Added amino acid concentration (µM /L) x 100/estimated amino acid concentration
(µM/L). For CE-LIF: SIN ratio was 10%; Appreciated peak height was >0.03 mm 2 .
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Table 5. Within-day and between-day variability (% RSD) of amino acid
identification.
Between-day RSD (%) 6
Amino acid Peak
Within-day RSD(%)a
0.7
Ser
0.3
0.7
Gln
0.3
0.7
Met
0.3
0.7
Asn
0.8
0.8
Thr
0.3
I. I
Tyr
0.4
0.8
Ala
0.3
0.8
GlyNal
0.3
0.8
His
0.4
0.8
Pro
0.4
0.9
Cys
0.4
0.9
Ile
0.4
I. I
Phe
0.4
0.9
Leu
0.4
Nle
0.4
0.9
Glu
I .O
1.5
Arg
0.5
1.0
Asp
0.4
I. I
0.9
Average RSD (%)
0.4
aThis number determined with five repeated injections within a day.
bThis number was determined with five replicates between 5 days over 6 months.

Usefulness of the Method
Selection of a suitable method one should consider factors such as cost
effectiveness, time, simplicity of method, and overall feasibility. The primary interest of
this work was to develop a method to monitor use of all amino acids during bacterial
growth. The developed method is simple, sensitive, cost effective and does identify 18
amino acids, separate and quantitate I 7 amino acids within 38 min. Though the elution
time was slightly longer than most methods, a satisfactory separation and quantitation of
all amino acids was obtained. This CE-LIF method is capable of detecting just a few
molecules of tagged analyte consistently, and therefore would be a robust method to
examine bacterial AA utilization.
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Bacterial Utilization of Amino Acids

Brevibacterium linens strain BL2 was grown in CDM to investigate the pattern of
amino acid utilization.
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Figure 7. Bacterial growth medium analyzed before inoculation (Day 0) and after 18 days
of incubation. Sample chromatogram of Day 0 and 18 were run using 6.25 mM sodium
borate, 150 mM SDS, 10 mM THF (pH 9.66) buffer and run conditions of24 kV, 25 °C.
Peaks indicate amino acids: 1. Ser, 2. Gin, 3. Met, 4. Asn, 5. Thr, 6. Tyr, 7. Ala, 8.
GlyNal, 9. His, 10. Pro, 11. Cys, 12. Ile, 13. Phe, 14. Leu, NL, 15. Glu, 16.Unk, 17. Arg,
18. Asp. Amino acid concentrations for Day 0 are indicated in Table 4.

Differences in amino acid utilization and changes in their concentrations were
observed in media (Fig. 7). This method detected reduction of amino acids by B. linens
BL2 during incubation in CDM (Fig. 7).
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SUMMARY AND CONCLUSIONS

A MEKC method to identify, separate, and quantitate amino acids in CDM using
CBQCA pre-column derivatization and CE-LIF detection was developed. CE-LIF with a
run buffer containing 6.25 mM borate, 150 mM SDS, and 10 mM THF (pH 9.66) at 25°C
and 24 kV was used to identify 18 CBQCA derivatized amino acids. Seventeen of the
above 18 amino acids were quantitated at an attomole level. Derivatization rate was
amino acid dependent and ranged between 6-20 h and labeled amino acids remained
stable upto 34 h. Comparison with automated analysis showed the CE-LIF method had
greater detection efficiency for 14 of the amino acids. This method was useful to
determine amino acid utilization during bacterial growth of Brevibacterium linens BL2.
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CHAPTER IV
AMINO ACID UTILIZATION BY BREVIBACTERIUM LINENS BL2 GROWN IN
CHEMICALLY DEFINED MEDIUM

ABSTRACT

Brevibacterium linens is used as a flavor adjunct in Cheddar cheese and as a
commercial source of amino acids such as glutamic acid and lysine. Amino acids are
precursors to production of both desirable and off-flavor compounds in Cheddar cheese.
The aim of this study was to verify the metabolic activity of B. linens BL2 ells during
incubation in laboratory conditions (no carbohydrate, 25°C, 220 rpm, pH 6.50) and
cheese-like conditions (no carbohydrate, l 5°C, 4% (w/v) sodium chloride (NaCl), pH
5 .20, static incubation). The ability of Trp to induce changes in amino acid utilization
patterns during growth was used as an indicator of metabolic activity. In laboratory
conditions, the cells grew and reached a cell population of::: 109 cfu/mL by end of the 33d incubation period. The total amino acid concentration fluctuated in the initial days of
incubation, only to be completely utilized (including Trp) by end of incubation. In
cheese-like conditions the cells survived for 45 d before they decreased to undetectable
levels. Amino acid (except Trp) concentrations fluctuated during incubation. Addition of
Trp did not change the population decline or cheese-like incubation conditions, but
changed the individual amino acid utilization patterns in both laboratory and cheese-like
conditions. Individual amino acid use was modified when Trp was added to the medium
in cheese-like conditions, but it was not utilized. Based on these data, we conclude that
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B. linens BL2 was metabolically active in cheese-like conditions, despite declines in the
population. Presumably, the cells will be metabolically active and metabolize amino
acids in cheese as well.

INTRODUCTION

Brevibacterium linens is of interest industrially because it produces many amino
acids and enzymes important to cheese ripening (Rattray and Fox, 1999; Weimer, 1999).

It is an obligate aerobe, commonly used as flavor adjunct bacteria to facilitate ripening of
many surface-ripened cheeses (Rattray and Fox, 1999). Traditionally, cell free extracts or
partially purified enzyme preparations from B. linens have been used as to accelerate
ripening in Cheddar cheese (Fox et al., 1996; Kristoffersen et al., 1966; LaBell et al.,
1992; Law, 1984). Weimer et al. (1997) used whole cells of B. linens BL2 as a flavor
adjunct with various starter cultures in reduced fat Cheddar cheese to improve flavor.
The mechanisms for flavor improvement were not defined in these studies, but were
presumed to be associated with proteolysis and amino acid catabolism.
In Cheddar cheese, most

(~98%)

of the lactose is lost in the whey as lactose or

lactic acid during production. During ripening the residual lactose concentration
decreases to nearly zero during the first 30 d. The cells are exposed to a carbohydrate
(CHO) starved environment during cheese manufacture and ripening (Fox et al., 1993).
Therefore, cheese microflora must depend on protein (casein, peptides and free amino
acids) as a source of carbon and nitrogen to continue growth or survival. The availability
of free amino acids depends on the proteolytic capabilities of starter, adjunct bacteria and
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non-starter lactic acid bacteria (NSLAB) present in cheese. Milk is low in amino acids,
but during cheese ripening, cheese microflora that have a proteinase system break down
the protein to peptides and amino acids, leading to protein substrates for subsequent
metabolism to desirable and undesirable flavor compounds in cheese (Fox et al., 1996).
Many B. linens species have been isolated from Camembert and other surface
ripened cheeses, and are known to survive in a cheese environment because of altered cell
metabolism characterized by low cell respiration, respiratory quotients, ATP levels, and
altered enzyme activities (Boyaval et al. , 1985). Similar observations of cell survival
were found in reduced fat Cheddar cheeses made with B. linens BL2, where the cells
were maintained at~ 103 cfu/g of cheese, through out ripening (Weimer et al., 1997).
Amino acid use is linked to beneficial compounds, such as sulfur-containing
compounds, while metabolism of aromatic amino acids is associated with the production
of off-flavor compounds. Chapters V delineates tryptophan (Trp) catabolic pathways of B.
linens BL2 using chemically defined medium (CDM), and two incubating environments
(laboratory conditions; no carbohydrate, 25°C, 220 rpm, pH 6.50, and cheese-like
conditions; no carbohydrate, 15°C, 4% NaCl (w/v), pH 5.20, static incubation). In
laboratory conditions, Trp was converted to kynurenine and anthranilate while the cell
population increased during growth. To assess the ability of BL2 to degrade Trp in
cheese-like condition, the cells were incubated at the pH and salt content of Cheddar
cheese. Trp was not utilized by BL2 but the cells survived 45 days before the cell
population decreased to undetectable levels (Ummadi and Weimer, 2001). Literature
highlights that brevibacteria grow slowly, and are known to survive in various cheese
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environments (Boyaval et al., 1985, Weimer et al., 1997). However, it is unknown if the
cells are metabolically active during these stress conditions. The aim of this work was to
determine the amino acid use during extended incubation to indicate cell viability and
metabolic activity.

MATERIALS AND METHODS

Bacterial Strain and Growth Media

Brevibacterium linens BL2, was obtained from the Utah State University culture
collection. Stocks were frozen in tryptic soy broth (TSB) (Difeo, Detroit, MI) containing
30% glycerol and kept at -70°C. Working stocks were maintained in TSB and incubated
at 25°C with aeration (220 rpm). For each experiment, 10 mL culture was sub-cultured
twice prior to inoculation into 1000 ml of chemically defined amino acid growth medium
(CDM) (Jensen and Hammer, 1993).
Two different types of media were prepared; CDM with 5 mMTrp (without Phe
or Tyr), and CDM with Phe and Tyr (0.275 µMTyr , and 0.121 µMPhe). Each of these
media were prepared in two formulations, one for laboratory conditions (no carbohydrate,
25°C, 220 rpm, pH 6.50) and the other for cheese-like conditions (no carbohydrate, l 5°C,
4% (w/v) NaCl, pH 5.20, static incubation).
To prepare CDM for cheese-like conditions, the pH was adjusted by addition of
0.16% glucono-o-lactone, and the sterile medium was incubated at 30°C for 2 h prior to
addition of 4% NaCl (w/v). Bacteria were grown in TSB to mid-log phase (24 h),
harvested, washed twice with 15 ml saline, adjusted to a constant optical density
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(OD590nrn = 10 cells/mL) in the basal medium, and used to inoculate 1000 mL of each
7

medium to obtain an initial cell count of 10 7 cells/mL. Each medium was incubated at
25 °C with aeration (220 rpm) for laboratory conditions, and at l 5°C without aeration for
cheese-like incubation conditions. Samples were periodically collected and analyzed for
pH, cell count, Trp metabolites in the culture supernatant, and amino acid utilization
profiles. Samples of uninoculated media were also collected periodically as controls to
detect non-enzymatic chemical degradations.

Viable Cell Counts
Spent media and uninoculated media samples were collected aseptically at 12
different intervals (0, 1, 3, 6, 8, 10, 13, 15, 18, 21, 24, 27, and 33 d) in a biological safety
laminar flow hood (Nuaire Safety Cabinets, Model 425-400; Plymouth, MN) for
identification of Trp metabolites and amino acid profiles. Plate counts were done at each
time interval on tryptic soy agar (TSA) plates that were incubated aerobically at 25°C for
3-5 d.

Micellar Electrokinetic Capillary
Electrophoresis Analysis
Amino acids were measured in each growth condition as described by Strickland
et al. (1996) and modified by Ummadi and Weimer (2001). The Culture supernatant (3
ml) was filtered through a 0.2 µm low-protein binding syringe filter (Nalgene, Rochester,
NY), fractionated in a 1000 MW cut-off polyethersulfone membrane Centriprep™ (Pall
filtron, East Hill, NY) by centrifugation at 3000 x g at 4°C for 1 h, and the filtrate was
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used for analysis. Capillary electrophoresis as described by Strickland et al. (1996) was
done using a P/ACE™ 2100 automated Capillary electrophoresis system fitted with
System Gold software (Beckman Instruments, Inc., Fullerton, CA). Sample
electrophoresis was done using 100 m.M sodium tetraborate containing 40 mM SDS (pH
8.5) as the run buffer for 30 min at 15 kV, at 25°C with a 1-s pressure injection into a 75
µm i.d. x 57 cm untreated silica capillary. Sample detection was achieved at 200 nm with
a detector range of 0.02 AUFS and a data collection rate of2 Hz. The Trp accumulation
and utilization was monitored using L-tryptophan as the standard (Sigma Chemical Co.,
St. Louis, MO). Compound identification was confirmed by co-injection with pure
standards and by comparison of absorption spectra of unknown peaks and pure standard
2

compounds (con-elation R >0.950).

Chemicals for LIF Detection
LIP performance test mixture (fluorescein), capillary performance run buffer A,
and capillary regeneration solution A were purchased from Beckman Instruments Inc.
(Fullerton, CA). All amino acids, standard solution of amino acids, and nor-leucine were
obtained from Sigma Chemicals (St. Louis, MO) . Analytical grade SDS, tetrahydrofuran
(THF), sodium hydroxide, methanol (HPLC grade), and potassium cyanide were also
purchased from Sigma Chemicals (St. Louis, MO). The ATTO-T AG CBQ derivatization
kit was obtained from Molecular Probes, Inc. (Eugene, OR).
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CE Separation and LIF Detection
Run buffer was prepared freshly before analysis by dissolving 6.25 mM of sodium
borate and 150 mM SDS in distilled deionized water, and THF was added to a final
concentration of 10 mM. The pH was adjusted to 9.6 using 1 M NaOH. Each analysis
was run for 40 min at an operating voltage of 24 kV , and a temperature of 25°C (Ummadi
and Weimer, 2002).
The CE/MEKC method described by Strickland et al. (1996) was used as an initial
run condition. AP/ACE 2100 automated CE system fitted with the LIF detector, the
Laser Module 488, and Beckman system gold chromatography software (Beckman
Instruments, Inc. , Fullerton, CA) was used . Optical filters of 488 nm and 560 nm were
used for excitation and emission, respectively. Sample electrophoresis was performed
using the run buffer mentioned above, operating voltage and temperature with a 1 s
pressure injection (- 6 nL) into a 75 µm i .d. x 107 cm untreated silica capillary. After
electrophoresis, the capillary was rinsed for 1 min at high pressure with 0.1 M NaOH
followed by a 2 min high-pressure rinse with run buffer (Strickland et al., 1996).

Derivatization of Amino Acids
Fresh and spent CDM samples were also derivatized as described in Ummadi and
Weimer, (2002). A 10 mM solution of ATTO-TAG CBQ in methanol was prepared in a
sterile 15-mL centrifuge tube by sonication until a clear solution was obtained (-1-5 min).
A working solution of 420 µM of CBQ was prepared by dilution in methanol. All CBQ
stocks were stored at -20°C in a capped vial protected from light. A 420 µM working
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solution of potassium cyanide (KCN), and 1 mM nor-leucine (NL) (pH of both solutions
adjusted to 11.0 with 1 M NaOH) were prepared with fresh distilled deionized water and
stored at 4°C. At least a six-fold molar excess of CBQ, and a five-fold excess ofKCN
were used for derivatization of amino acids. Amino acid solutions, and the internal
standard were adjusted to pH 9.0 using 1 M NaOH. A typical reaction mixture contained
2 µL (10 µM) of amino acid solution, 10 µL (120 µM) ofKCN, 6 µL (30%) of methanol,
11 µL (70%) of water, and 5 µL of CBQCA (60 µM). Prior to addition of the
derivatization agent, 0.5 µl (8.163 µM /sample) of internal standard was added to all the
reaction mixtures. After gentle mixing, the reaction mixture was incubated in the dark at
25 °C for 24 h. Before analysis the samples were placed in the temperature-controlled vial
housings of the CE instrument (1O-l5°C) to reduce solvent evaporation during analysis
(Ummadi and Weimer, 2002). All amino acids except Trp and lysine were detected using
this method. The inability to detect these amino acids is due to possible fluorescence
quenching (Ummadi and Weimer, 2002).

RESULTS AND DISCUSSION

Experiments were conducted in two incubation conditions (laboratory and cheeselike conditions), using CDM to investigate the influence of Trp on amino acid use and as
a basis to determine metabolic activity in declining cell population, as defined in Chapter
VII. Within each growth condition, amino acid utilization was determined as were the
cell population and culture pH.
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The cell density was 2: 10 cells/ml after 24 din all media tested (Fig. 8), and pH
9

of all media increased from 6.5 to 8.5 during the same time period. With Trp added the
amino acids were depleted by day 24 and Trp was depleted by day 18. During the initial
10 d of incubation, the total amino acid content increased 8-13% above the initial
concentration in all the media tested (Fig. 8). The increase was associated with a few
amino acids in laboratory conditions and nearly all in cheese-like conditions (Table 6). In
laboratory conditions, without Trp added, the total amino acid content fluctuated and
increased after day 30. This observation is not unusual considering B. linens produces
Pro, Leu, Lys, Val, and Phe in Trappist-type cheeses (Weimer, 1999) and the commercial
use of these organisms to produce amino acids. These data indicate that amino acids
were utilized differently in response to the addition of Trp.
In cheese-like conditions, the pH was maintained at 5.2 during the entire incubation
time with glucono-8-lactone. The Trp concentration remained constant during the entire
incubation period. The cell count declined but the total amino acid concentration
fluctuated and increased in both Trp conditions after day 21 (Fig. 9). Individual amino
acids increased 8-210% above the initial concentration with Trp added. By the end of the
incubation, the residual amino acid concentration remained 86% above the initial level.
Without Trp addition, the total amino acid concentration increased from 76 to 95% above
initial concentration (Fig. 9), and remained 78% above the initial concentration by the end
of the 33-d incubation. None of the amino acids were completely utilized by the end of
the incubation period in cheese-like conditions. These data indicate that the cells were
metabolically active despite decreasing plate counts.
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Figure 8. Total amino acid and Trp utilization by B. linens BL2 when grown in CDM
with and without 5 mM Trp in laboratory conditions. The symbol (•) indicates total
amino acid concentrations and (.A) indicates cell count, and ( +) indicates concentration of
Trp in the medium.

The ability of B. linens to produce amino acids (Fox et al., 1993; Weimer, 1999) and
the changes in the total amino acid concentration lead to further investigation of
individual amino acid concentrations. Amino acid utilization in laboratory conditions
were investigated, where the cell population was increasing and using Trp, indicating the
metabolic activity.
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Figure 9. Total amino acid and Trp utilization by B. linens BL2, when grown in CDM
with and without 5 mMTrp in cheese-like conditions. The symbol(•) indicates total
amino acid concentrations, ( _. ) indicates cell count, and ( +) indicates concentration of
Trp in the medium.
As a measure of metabolism in declining cell populations in cheese-like
conditions amino acid metabolism was investigated with the hypothesis of viable cells
will metabolize amino acids (especially production) while dead cells will not.
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Metabolism of individual amino acids varied in both incubation conditions with
and without Trp addition. Most amino acids were secreted into the medium in the early
stages of incubation, but were utilized at different time points during the subsequent
incubation times. The amino acids observed in the extracellular medium were a result of
synthesis or protein turnover. If the intracellular levels were high enough they may be
toxic to BL2; therefore, the transported the amino acids into the medium. Selected amino
acids are depicted as examples of metabolism during incubation in cheese-like conditions.
The other amino acid profiles under laboratory and cheese-like conditions are included in
Appendix B.

Aromatic Amino Acid Utilization

Addition of Trp to CDM during incubation in laboratory conditions influenced the
individual amino acid concentration in four patterns (Table 6). Phe and Tyr were
metabolized inversely in this condition, while in cheese-like conditions these amino acids
were produced. Interestingly, in cheese-like conditions Phe and Tyr were produced
during incubation only when Trp was not added to the medium (Table 6; Appendix B).
In laboratory growth conditions, catabolism of Trp did not begin until day 15 (Fig.
8), and was associated with the mid-log phase of cell growth. Culture supernatants
accumulated kynurenine, and anthranilic acid from Trp catabolism indicating that strain
BL2 follows the anthranilic acid pathway to utilize this amino acid (Ummadi and
Weimer, 2001). In cheese-like conditions Trp was not utilized during the entire
incubation.
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Table 6. Amino acid metabolism when grown in laboratory or cheese-like conditions;
(+) indicates synthesis; (-) indicates no synthesis but utilized during growth; (0) denotes
that the amino acid was not included in the medium.
Laboratory conditions

Cheese-like conditions

Amino
acid

CDM
+Trp

CDM
-Trp

CDM
+Trp

CDM
-Trp

Phe
Tyr
Met
Cys
Leu
Gln
Ser
GlyNal
His
Arg
Glu
Asn
Thr
Ala
Pro
Ile
Asp

0
0

+

0
0

+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+

+
+
+

+
+
+
+
+
+

+
+
+
+
+
+

+

+

+
+

+
+

+

+
+

+
+
+

+

Met and Cys Utilization

In cheese-like conditions, addition of Trp resulted in higher quantities of Met and
Cys, than without Trp addition (Fig. I 0). Met and Cys accumulated to 72% and 289%,
respectively, above the initial concentration in the Trp-containing medium by day 33 (Fig.
10). Interestingly, Met and Cys were the first amino acids used during growth in both
media tested (Fig. 10). The accumulation of these amino acids in the medium above
initial concentrations demonstrates metabolic activity in a declining population, but it is
unclear what metabolic role these amino acids in cell viability. These observations agree
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with Fox et al. (1996) that B. linens species increases amino acid concentrations in cheese
during ripening (Weimer et al. , 1999), but leaves many questions about how the cell
acquires the sulfur atom and the inter-conversion of amino acids in the cell. Presumably,
Met and Cys were used as a methyl group donor (Lehninger, 1988) or for other sulfurdependant metabolic activities.

Arg, Glu, and Gin Utilization

In cheese-like conditions, Arg, Glu, and Gln concentrations fluctuated during
incubation. Arg concentrations varied during incubation in both Trp conditions, but
remained low during the entire incubation time (Fig. 11 ). This may be explained
considering Arg is a carbon and nitrogen source that leads to cellular energy (ATP) and
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ammonia (Poolman et al. , 1987a; l 987b). Interestingly, omithine production (a catabolic
product of Arg or Glu) was observed in CDM with Trp under both laboratory and cheeselike conditions but not in CDM without Trp. In many species, ornithine is known to be
the precursor as well as a catabolic compound of Arg. By using the Arg deaminase
pathway, Arg serves as a carbon and nitrogen source for many bacteria (Poolman et al.,
l 987b; Stuart et al., 1999), and is also able to generate an ATP (Thomas and Batt, 1968;
Cunin et al. , 1986; Famelhart et al. , 1987). Also, Arg-ornithine exchange was shown to
occur in a 1: 1 ratio and to be independent of a proton motive force (Poolman, et al.,
1987b). These data demonstrate a complex interaction between amino acids during
metaboiism in a declining population, suggesting they are metabolically active and
capable of producing dramatic changes in their environment with relatively few
culturable cells present in the medium.
With the addition of Trp, G!u concentrations vary during the incubation time;
however, without Trp the concentration peaks at day 13 and is reduced by - 88% by day
21 and again increase by day 24 (Fig. 11 ). Glu cycling suggest the cells are metabolically
active and may be using this amino acid in transamination reactions to form keto acids
during amino acid conversions (Lehninger, 1988). Alternatively, this amino acid may be
converted to ornithine for use in the arginine deiminase pathway to produce energy and
modulate the intracellular pH (Lehninger, 1988). Glu may be used as a amino donor for
synthesis of amino acids Pro, Gln, Ser, Lys, Val, Ile, Leu, and Arg (or) may be used
during osmostic stress, generating ATP content for transport etc. (Konings, 1989;
Poolman, 1993; Poolman et al., 1988). Glu degradation under anaerobic conditions can
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use the methylaspartate pathway and can form pyruvate among other intermediates
(Barker, 1981 ), presumably for energy.
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Figure 11. Utilization of Arg, Glu, and Gln, by B. linens BL2. Graph represents cheeselike incubation conditions. The symbol(+) indicates Arg, (•)represents Glu, and (.A)
represents Gln concentrations, when growth in CDM with 5 mMTrp (CDM+Trp); and
(X) indicates Arg, ( o) represents Glu and ( •) represents Gln concentrations when growth
in CDM with Phe and Tyr (CDM- Trp).

Gln concentrations increased with the addition of Trp, but fluctuated over the
incubation (Fig. 11). Trp addition influenced the Gln metabolism via a mechanism that is
unclear. However, Gln may be used as an amino donor for the synthesis of purines,
pyrimidines, amino sugars and amino acids, which are essential during starvation
conditions (Barker, 1981; Reiter and Oram, 1962). Presumably, the metabolic interaction
between amino acid metabolism is linked to a cellular need for carbon, nitrogen, and
energy.
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CONCLUSION

The aim of this study was to evaluate cellular viability via amino acid metabolism.
The hypothesis was tested by observing the influence of Trp to induce changes in amino
acid utilization patterns during growth. Cell populations increased during laboratory and
decreased during cheese-like conditions. Addition of Trp did not change the growth
curve in laboratory or cheese-like incubation conditions. Addition of Trp to CDM in
cheese-like conditions changed the individual amino acid utilization patterns. Based on
these data we conclude that B. linens BL2 was metabolically active. Presumably, the
cells will be metabolically active and metabolize amino acids in cheese as well.
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CHAPTERV
TRYPTOPHAN CATABOLISM IN BREVIBACTERIUM LINENS AS A
POTENTIAL CHEESE FLAVOR ADJUNCT 1

ABSTRACT

Attempts to develop a desirable reduced-fat Cheddar cheese are impeded by a
propensity for flavor defects such as meaty-brothy, putrid, fecal, and unclean off-flavors
in these products. Recent studies suggest aromatic amino acid catabolism of starter,
adjunct, and non-starter lactic acid bacteria has a significant impact on off-flavor
development. The objective of this study was to delineate pathways for catabolism of
tryptophan (Trp) in Brevibacterium linens, a cheese flavor adjunct. B. linens BL2 was
incubated in a chemically defined medium (CDM) in laboratory (no sugar, pH 6.5, 25°C,
aeration) and cheese-like conditions (no sugar, pH 5.2, 4% NaCl, 15°C, static incubation)
to determine the cellular enzymes and metabolites involved in Trp catabolism. Trp was
converted to kynurenine, anthranilic acid, and three unknown compounds in laboratory
conditions. The accumulation of other unknown compounds in the culture supernatant
indicates that B. linens BL2 degraded Trp by various routes simultaneously. Up to 65%
of Trp was converted to anthranilic acid via the anthranilic acid pathway. However, cells
incubated in cheese-like conditions did not utilize Trp. Enzyme studies using cell-free
extracts of cells incubated in laboratory conditions and assayed at optimal and nonoptimal enzyme assay conditions revealed Trp transaminase (EC 2.6.1.27) was active
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before enzymes of the anthranilic acid pathway were detected. The product/s of Trp
transaminase activity, however, was not detected in the culture supernatant. Enzymes
assayed in non-optimal conditions had considerably lower enzyme activities.
Comparison of the conditions indicated these enzymes are not likely to be involved in
formation of compounds associated with off flavors in Cheddar cheese.

INTRODUCTION

Brevibacteria are industrially important microorganisms used in manufacture of
Limburger, Roquefort, Stilton, and other Trappist-type cheeses (Ades and Cone, 1969;
Sharpe et al., 1977). Their high proteolytic, varied lipase/esterase, and peptidase enzyme
activities and diverse biochemistry extend their use as a novel flavor adjunct in the
manufacture oflow fat Cheddar cheese (Weimer et al., 1997). Additionally, the ability of
Brevibacteria to produce volatile sulfur compounds has fueled further interest in their
potential as flavor adjuncts (Boyaval et al. , 1985; Dias, 1998; Ferchichi et al., 1986;
Hayashi et al., 1990a, b; Lamberet et al., 1997; Sharpe et al., 1977; Weimer et al., 1997).
Initial attempts to use cell-free extracts (CFE) of brevibacteria to accelerate
ripening in full-fat Cheddar cheese resulted in uncontrolled ripening and consequently
unbalanced flavor development and over production of off-flavors (Hayashi et al., 1990a;
1990b; Law and Wigmore, 1983). Studies in cheese-like conditions showed that the
methanethiol producing capability (MTPC) was retained in whole cells of B. linens but
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not in CFE (Dias, 1998; Weimer et al., 1997). This indicates that the enzymes
responsible for methanethiol production if released into the cheese matrix during
ripening, may not be active to produce the essential flavor compounds (Dias, 1998;
Weimer et al. , 1997). Therefore, knowledge of altered cell physiology of brevibacteria in
the cheese matrix and its implications on cheese flavor biochemistry is warranted.
The quality of reduced-fat Cheddar cheese is compromised by flavor defects such
as bitter, meaty, brothy, and off-flavors that may originate from aromatic amino acids
(AAA) and their metabolites (Steele and Onlli, 1992). For example, metabolism of
tryptophan (Trp), tyrosine (Tyr), and phenylalanine (Phe) lead to the formation of indole,
skatole, tryptamine, m-cresol, p-cresol, phenol, benzoic acid, and phenethanol. The offflavors generated by these compounds in some cheeses include putrid, fecal, rosy, and
unclean flavors (Aston and Creamer, 1986; Dunn and Lindsay, 1985; Hummel et al. ,
1986; Law and Sharpe, 1977; Lowrie and Lawrence, 1972; Manning, 1979; Urbach,
1995; Urbach et al., 1972). Reactions of AAA metabolism in other bacteria are known to
be either catalyzed by enzymes or to occur by spontaneous chemical degradations
(Lindsay, 1991), but knowledge of these mechanisms in brevibacteria is lacking.
Trp catabolism in bacteria can occur through several pathways leading to the
formation of a variety of compounds (Fig. 12) (Boer et al., 1988; Comai and Kosuge,
1980; Frankenberger and Poth, 1988; Narumiya et al. , 1979). Indole for example, can be
produced from Trp by the single step catalysis of tryptophanase (EC 4.1.99.1), while
skatole is formed from indole acetic acid (IAA). The conversion of Trp to IAA occurs
via three distinct routes (Comai and Kosuge, 1980; Frankenberger and Poth, 1988;
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Hutcheson and Kosuge, 1985; Narumiya et al., 1979):(i) the indole acetamide pathway
catalyzed by Trp 2-monooxygenase (EC 1.13 .12.3) and indole acetamide hydrolase (EC
3 .1.1 .51) (Comai and Kosuge, 1980), (ii) catalyzed by tryptophan side chain oxidase (EC
4.1.1.43) and indole acetaldehyde dehydrogenase (EC 1.2.3.7) (Narumiya et al., 1979),
and (iii) the indole pyruvic acid pathway which is initiated by an Trp aminotransferase
(ATase) (EC 2.6.1.27) (Frankenberger and Poth, 1988). Other important catabolic
pathways include decarboxylation of Trp to tryptamine and ring cleavage initiated by Trp
2,3-dioxygenase (EC 1.13 .11.11 ). The latter leads to the formation of kynurenine and
anthranilic acid (Narumiya et al., 1979) (Fig. 12). Jollivet et al. (1992) observed that
Brevibacteria catabolizes Trp to indole and anthranilate. Kynurenine and anthranilic acid
are not associated with any known cheese flavors; and the mechanism for its production
in cheese is unknown.
Trp catabolism in lactococci is initiated by an Trp aminotransferase (ATase)
(EC#2.6.1.27) (Frankenberger and Poth, 1988; Gao et al., 1997). Yvon et al. (1997)
observed that the ATase from lactococci are active in cheese ripening conditions.
Brevibacteria can also initiate Trp catabolism by an A Tase and form IAA (Lee and
Desmazeaud, 1985), but it is not known if this enzyme is active in cheese ripening
conditions.
Enzymatic mechanisms for Trp catabolism in brevibacteria and their action in the
cheese environment is important if brevibacteria are to be used as alternative flavor
adjuncts in the manufacture ofreduced-fat cheese. Successful use of brevibacteria as
whole cells in Cheddar cheese relies on a better understanding of their role in AAA
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metabolism in cheese, especially to avoid use of an organism that may add undesirable
flavors. Therefore the objective of this study was to investigate Trp catabolism by
Brevibacterium linens in laboratory (no sugar, pH 6.5, 25°C, 220 rpm) and cheese-like
conditions (no sugar, pH 5.2, 4% NaCl, l S°C , and static incubation).
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Figure 12. Metabolism of tryptophan in bacteria. 1) Trp 2, 3 dioxygenase (EC
1.13.11.11 ); 2) kynureninase (EC 3. 7.1.3); 3) Trp aminotransferase (EC 2.6.1.27); 4) Trp
side chain oxidase (EC 4.1.1.43); 5) Indole acetaldehyde decarboxylase, 6) indole
acetaldehyde dehydrogenase (EC 1.2.1.3); 7) Trp 2-monoxygenase (EC 5.4.99.5),
8) indole acetamide hydrolase (EC 3.5.1.0); 9) indole acetic acid oxidase (EC 3.5.1.49);
10) tryptophanase (EC 4.1.99.1 ). The dotted lines (----) indicate a spontaneous reaction.
(Adapted from http: //wit.mcs.anl.gov/WIT2/;selectEMP database of enzymes and
metabolic pathways).

85
MATERIALS AND METHODS

Bacterial Strain and Growth Media
Brevibacterium linens BL2, was obtained from the Utah State University culture

collection. Stocks were frozen in tryptic soy broth (TSB) (Difeo, Detroit, Ml) containing
30% glycerol and kept at -70°C. Working stocks were maintained in TSB and incubated
at 25 °C with aeration (220 rpm). For each experiment, 10 ml culture was subcultured
twice prior to inoculation into 1000 ml of chemically defined amino acid growth medium
(CDM) (Jensen and Hammer, 1993).
Four different types of media were prepared:CDM with 5 rnMTrp (but no Phe or
Tyr), CDM containing all AAA (5 mMTrp, 0.275 µMTyr, and 0.121 µMPhe), and CDM
with Phe and Tyr (0.275 µMTyr, and 0.121 µ.M Phe), and CDM without any AAA. Each
of these media were prepared in two batches, one for laboratory conditions (pH 6.5, no
sugar) and the other for cheese-like conditions (no sugar pH 5.2, 4% NaCl (wt/vol),
l 5°C, static incubation). To prepare CDM for cheese-like conditions, the pH was
adjusted by addition of 0.16% glucono-8-lactone, and the sterile medium was incubated at
30°C for 2 h prior to addition of 4% NaCl (wt/vol). Bacteria were grown in TSB to midlog phase (24 h), harvested, washed twice with 15 ml saline, adjusted to a constant optical
density (OD590nm) in the basal medium, and used to inoculate 1000 ml of each medium
to obtain an initial cell count of 107 cells/ml. Each medium was incubated at 25°C with
aeration (220 rpm) for laboratory conditions and at l 5°C without aeration for cheese-like
conditions. Samples were periodically collected and analyzed for pH, cell count, Trp
metabolites in the culture supernatant, and intracellular Trp catabolic enzymes. Samples
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of uninoculated media were also collected periodically as controls to detect nonenzymatic
chemical degradations.

Viable Cell Counts
Spent media and uninoculated media samples were collected aseptically at 12
different intervals (0, 1, 3, 6, 8, 10, 13, 15, 18, 21 , 24, 27, and 33 d) in a biological safety
laminar flow hood (Nuaire Safety Cabinets, Model 425-400; Plymouth, MN) for
identification of Trp metabolites and enzyme assays. Plate counts were done at each time
interval on tryptic soy agar (TSA) plates that were incubated aerobically at 25 °C for 3-5 d.

Preparation of CFE
Cells were collected at periodic intervals (50 ml), harvested by centrifugation at
7000 x g for 15 min at 4 °C, washed twice with 15 ml of 0.05 M potassium phosphate
buffer (pH 7.2), arid re-suspended in 0.05 M potassium phosphate buffer containing 0.02
mM pyridoxal phosphate. CFE were prepared by sonication in a pulsed mode at 20 kHz

for 5-15 min using a Branson-Sonifier (Cell disruptor 200; Branson Ultrasonics Co., CT).
Cell lysates were centrifuged at 10000 x g for 30 min at 4°C and the supernatant was
collected and used as CFE.
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Protein Assay
The protein concentration in CFE was determined using the bicinchoninic acid
assay (Pierce Chemical Co., Rockford, IL) kit. Bovine serum albumin was used to obtain
a standard curve and protein expressed as mg/ml.

MiceJlar Electrokinetic Capillary Electrophoresis
Analysis
Culture supernatant (3 ml) was filtered through a 0.2 µm low-protein binding
syringe filter (Nalgene, Rochester, NY), fractionated in a 1000 MW cut-off
polyethersulfone membrane Centriprep TM (Pall filtron, East Hill, NY) by centrifugation at
3000 x g at 4°C for 1 h, and the filtrate was used for analysis. Capillary electrophoresis
as described by Strickland et al. (1996) was done using a P/ACE™ 2100 automated
Capillary electrophoresis system fitted with System Gold software (Beckman
Instruments, Inc., Fullerton, CA). Sample electrophoresis was done using 100 mM
sodium tetraborate containing 40 mMSDS (pH 8.5) as the run buffer for 30 min at 15 kV,
at 25 °C with a 1 sec pressure injection into a 75 µm i.d. x 57 cm untreated silica capillary.
Sample detection was achieved at 200 nm with a detector range of 0.02 AUFS and a data
collection rate of 2 Hz. The Trp metabolites that were used as standards in this study
were L-tryptophan, L-kynurenine, indole-3-acetamide, indole acetic acid, indole, indole
3-aldehyde, anthranilic acid, tryptophol, skatole, and tryptamine (Sigma Chemical Co.,
St. Louis, MO). Compound identification was confirmed by coinjection with pure
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standards and by comparison of absorption spectra of unknown peaks and pure standard
compounds (R 2>0.90).

Isolation and Identification of the Unknown
Aromatic Compounds
The unknown aromatic compounds that were identified using MEKC were then
analyzed using reverse-phase HPLC in a Beckman gradient HPLC system equipped with
a 125 dual pump, a 168 diode array detector, and a personal computer-based data system
controller (Beckman System Gold version 8.1; Beckman instruments, Fullerton, CA).
The columns used were Brownlee Aquapore RP-300 (Perkin Elmer/Applied Biosystems)
with 300-A pores and 7-µm particle size. The column diameter was 2.1 mm for
analytical HPLC, and 4.6 mm for preparative chromatography; column length was 10 cm.
Eluant A was 0.1 %(vol/vol) trifluroacetic acid, and Eluant B was 0.085% trifluroacetic
acid in 80% acetonitrile. The proportion of of eluant B in eluant A was increased from 0
to 45% over a 45-min period. Flow rates were 0.2 ml/min for the analytical column and 1
ml/min for the preparative volume. Detection of compounds was performed at 254 nm.
The unknown compounds were purified and then were lyophilized using a benchtop
freeze-dryer (model SL; VirTis, Gardiner, NY).
The unknown aromatic compounds used for mass spectrometry were dissolved in
0.1 % trifluroacetic acid and analyzed by matrix-assisted laser desorption ionization time
of flight on a TofSpec (LSUMC core laboratories, New Orleans, LA) mass spectrometer
with external mass calibration.
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Unknown compounds were also subjected to Nuclear magnetic resonance
spectroscopic (NMR) analysis (Dept of Chemistry, Utah state University, Logan, UT)
under conditions for interpretation of both 1H data and

13

C data. The lyophilized

unknowns were dissolved in dimethyl sulfoxide or deuterated water. The areas were
integrated using one of the single-hydrogen resonances as a unit reference.

Trp Transaminase Assay
Transminase activity was measured in a mixture containing 5 mM a-ketoglutarate,
1 mM-pyridoxal phosphate (PLP), 0.5 mMsodium arsenate, 0.5 mMEDTA, 50 mM
sodium borate (pH 8.5) and 5 mM L-Trp. The reaction was initiated by addition of 500
µl of CFE in a total reaction volume of 2 ml. The formation of indole pyruvate as a stable
enol tautomer-borate complex was measured as the increase in absorbance at A327 at
25 °C measured at TO and T30 min (Frankenberger and Poth, 1988; Oberhansli et al.,
1991). The concentration ofindole pyruvate was calculated from a standard curve of
indole pyruvic acid in borate buffer containing EDT A and sodium arsenate (Oberhansli et
al., 1991). Controls without substrate, without cells, and without substrate and cells were
also included and enzyme specific activities were expressed as units/mg protein/ml/min.

Tryptophan 2, 3-dioxygenase and Kynurenine
Formidase Assay
In the anthranilic acid pathway, Trp is first converted to formyl-kynurenine by
tryptophan 2, 3-dioxygenase and then to kynurenine by kynurenine formidase (Fig. 1).
The lack of available commercial formyl-kynurenine warranted using inhibitors to assay
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for these enzymes. Trp 2, 3-dioxygenase was inhibited using 10 mM potassium cyanide
(KCN) (Iwamoto et al., 1995), while kynurenine formidase was inhibited using 30 mM
sodium bisulfite (NaHS0 3) (Shinohara and Ishiguro, 1970). The reaction was started
with the addition of 25 µl CFE and incubated for 120 min at 37°C. The reaction was
terminated by injecting the sample for MEKC analysis. Control reactions containing the
substrate, but no CFE were included. Similar reactions were also done in the presence of
each inhibitor individually and all inhibitors together. Based on the production of
catabolites from Trp in these reactions specific activities were measured and reported as
the sum of specific activities of both the enzymes expressed in units/mg protein/ml/h.

Kynureninase Assay
Conversion of kynurenine to anthranilic acid is catalyzed by kynureninase.
Activity of intracellular kynureninase was measured in a reaction mixture (125 µl)
containing 0.6 rnML-kynurenine, 0.04 Mpotassium phosphate (pH 7.8), and 40 µM
pyridoxal-5'-phosphate. The reaction was initiated by addition of 25 µI CFE and
incubated at 25°C for 1 h (Lai et al. , 1991) before analysis by MEKC. Appropriate
controls containing substrate but without CFE were included. Specific activities were
expressed as units/mg protein/ml/h.
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Other Trp Catabolic Enzyme Assays

Cell free extracts of strain BL2 grown in laboratory and cheese-like conditions
were assayed for tryptophanase (EC4 .1.99 .1) using the spectrophotometric assays
described by Sigma Chemical Co. (St. Louis, MO), and the enzyme reaction mixtures
were also analyzed using MEKC analysis to detect the end product indole. Other Trp
catabolic enzymes like tryptophan decarboxylase (EC 4.1 .1.28), and tryptophan 2monooxygenase activity (EC 1.13.12.3) were also evaluated as described by Hummel et
al. (1986), and Hutcheson and Kosuge (1985), respectively.

Non-Optimum Enzyme Assays

To determine if the above enzymes were active in cheese-like conditions, all
enzyme assays were repeated with CFE in 0.05 M potassium citrate (pH 5.2, 4% NaCl).
The reaction volumes used were similar to the optimum enzyme assay conditions.

RESULTS AND DISCUSSION

Experiments were done in two incubation conditions using four different types of
media. Within each growth condition (laboratory and cheese-like conditions), pH, cell
viability, Trp utilization, production of Trp metabolites, and intracellular Trp catabolic
enzyme activities were determined . The metabolic end products of Trp catabolism were
associated with cell growth during incubation.
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Cell Viability and pH
In laboratory growth conditions the cell density reached 2'..l 09 cfu/mL after 24 d in
all media tested (Fig. l 3A), and pH increased from 6.5 to 8.5. During incubation in
cheese-like conditions the cell population decreased to undetectable levels after 45 d in
all the media (Fig. l 3B). The pH remained at 5.2 during the entire incubation period.
Brevibacteria grow slowly (Jones and Keddie, 1986), and it is common for these
cells to reach logarithmic growth phase 24-48 h after inoculation and last for 36 h.
Suprisingly, in laboratory growth conditions the logarithmic growth phase lasted 21 to 27
din CDM (Fig. 13A). Boyaval et al. (1985) isolated an B. linens from Camembert
cheese, which survived during ripening because of altered cell metabolism characterized
by low cell respiration, respiratory quotients, ATP levels, and enzyme activities. Similar
observations were found in Cheddar cheese made with B. linens BL2 (Weimer et al. ,
1997).

Trp Utilization and Production of
Trp Metabolites
In laboratory growth conditions, Trp catabolism by cells incubated in CDM with
Trp did not begin until day 15 (Fig. l 4A). This time point is associated with mid-log
phase growth. Culture supernatants accumulated kynurenine, anthranilic acid, and three
unknown aromatic compounds from Trp, indicating that the anthranilic acid pathway (Trp
2, 3-dioxygenase, kynurenine formidase and kynureninase) may be used for catabolism of
Trp. These compounds were not detected in CDM without Trp. Macfarlane and
Macfarlane (1995) suggested that Trp breakdown, as observed in this study, could occur
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in aerobic organisms by the action of mono- and dioxygenases by incorporation of
molecular oxygen into the reactants. Lee and Desmazeaud (1985) demonstrated that an
ATase in brevibacteria catabolizes Trp, but the products of this enzyme activity, IAA and
skatole, were not detected suggesting ATase activity is not an important mechanism in
this growth condition or subsequent enzymes may not be present to mediate this
conversion.
In the anthranilic acid pathway, formyl-kynurenine is the first intermediate formed
from Trp. In this study, however, kynurenine and anthranilic acid were the first
intermediates to be detected in culture supernatant of cells grown in labaratory conditions
(Fig. 14A). The appearance of these compounds was associated with a stoichemetric
decrease in Trp. Some reports suggest that cell wall impermeability prevents formylkynurenine from accumulating in the supernatant (Behrman, 1962). This could account
for the lack of formyl-kynurenine in the culture supernatants.
After kynurenine and anthranilic acid production, three other unknown aromatic
compounds accumulated in the culture supernatant (Fig. 14A). The concentrations of
anthranilic acid and the unknown aromatic compounds increased until Trp was
completely depleted from the medium. The levels of kynurenine remained constant in the
culture supernatant until day 27, after which it decreased to undetectable amount(<
picomolar concentration). Approximately 47% of the added Trp was converted to
anthranilic acid during the incubation period (Fig. 14A), and 53% of the total Trp was
converted to the aromatic unknown compounds in the culture supernatant suggesting that
B. linens BL2 can simultaneously degrade Trp by various routes (Fig. 14A).
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In CDM with all three AAA incubated at laboratory conditions, a similar pattern
as CDM with Trp was observed, with the exception that Trp utilization was delayed from
day 15 to day 21 (Fig. 14B).
Trp was also catabolized to kynurenine, anthranilic acid and three unknown
compounds in CDM with AAA. Interestingly, a greater amount of anthranilic acid was
produced (~65% of Trp was converted) than that in CDM with Trp only. Trp catabolites
were not produced in CDM with Tyr and Phe, and in CDM without AAA, indicating that
Trp is the source of these compounds. Trp was not utilized during cheese-like incubation
conditions.
Presumably, the mechanism for production of these compounds is the anthranilic acid
pathway. To verify this hypothesis, intracellular enzyme assays were performed.

Identification of the Unknown
Aromatic Compounds

Unknown compound identification was evaluated by coinjection with 20 different
commercially available aromatic amino acid catabolites. None of the UV absorption
spectra of unknown aromatic peaks matched with the known pure standard compounds.
Mass spectrometry identified one aromatic compound to be 162 Da. Even with the NMR
spectra, we were unable to identify any of the unknown aromatic compounds.
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Enzyme Assays
Preliminary studies examined the initial catalytic reactions for the degradation of
Trp (Figure. 12) after growth in CDM with Trp. All enzyme assays were performed at
their respective optimal assay conditions and non-optimal assay conditions pH 5.2, 4%
NaCl. The temperature and time for incubation used were the same as in the optimum
assay conditions. Cells grown in laboratory and cheese-like conditions did not contain
tryptophanase, tryptophan decarboxylase, or tryptophan 2-monooxygenase activity.
However, Trp transaminase and Trp 2, 3-dioxygenase were detected in both enzyme assay
conditions. Enzyme assays and capillary electrophoresis studies indicated that the
enzymes from two pathways were present, suggesting Trp can be metabolized via two
routes, following either the Trp transaminase pathway or the anthranilic acid pathway.
Each route was investigated further by incubating B. linens BL2 cells in CDM with and
without addition of Trp to the medium.

Transaminase Activity

Laboratory Growth Conditions
B. linens BL2 was inoculated and immediate samples were collected to
analyze the initial enzyme activity.Trp transaminase activity in cells from all media was
highest on day 0 but decreased progressively during incubation, and was absent after 8 d
(Fig. 15). The initial activity could be the effect of residual transaminase carried over in
cells from growth in TSB broth containing a high concentration of AAA from pancreatic
digest of casein and papaic digest of soybean meal. Transaminase activity was also
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detected when assayed in non--0ptimum conditions (0.05 M potassium citrate, pH 5.2, 4%
NaCl). Activities were similar to those in optimal enzyme assay conditions and
detectable during the first 6 d of incubation (Fig. 15). Although ATase activity was
detected, products from this enzyme were not observed to accumulate in the culture
supernatant suggesting the enzymes needed for subsequent conversion to indole and
skatole are not active in these conditions. After ATase activity ceased, activities of
enzymes in the anthranilic acid pathway were detected in cells grown in CDM with Trp
(Fig. 15) and CDM with all three AAA (Fig. 15). These enzyme activities were not
detected in cells grown in CDM without Trp (Fig. 15).

Cheese-Like Growth Conditions
Although Trp was not catabolized when incubated in cheese-like
conditions, reports of the ability of some cheese starter bacteria to retain A Tase activity
prompted us to investigate those observations in brevibacteria. CFE obtained from cells
incubated in cheese-like conditions were assayed for A Tase activity in optimal and nonoptimal assay conditions. In both assay conditions, ATase activity was detected only on
day 1, suggesting it was again residual activity from growth in TSB (Fig. 15). Trp
concentration did not decrease during the entire study, indicating that this pathway for
Trp catabolism was not active in cheese-like growth conditions.
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Anthranilic Acid Pathway

Kynurenine Accumulation
Degradation of Trp by Trp 2, 3-dioxygenase produces N-formylkynurenine, which is subsequently converted to kynurenine by kynurenine formidase.
Because pure N- formyl- kynurenine is not available commercially, it was not used as a
substrate in this study. Therefore, enzyme assays using CFE measured the amount of
kynurenine formed from Trp, and the specific activity of both enzymes were reported as
the sum of two enzyme activities (Trp 2, 3-dioxygenase and kynurenine formidase). Also
enzyme inhibitors were used to inhibit Trp 2, 3-dioxygenase enzyme activity with KCN,
and kynurenine formidase activity with NaHS0 3 in CFE from cells grown in laboratory
conditions with CDM with Trp and CDM with all three AAA.
In both the media tested when Trp 2, 3-dioxygenase was inhibited by KCN or
kynurenine formidase was inhibited by NaHS0 3 individually or in combination neither
kynurenine or anthranilic acid were produced in optimal and non-optimal assay
conditions, suggesting a complete inhibition of this pathway. In the absence of either
inhibitor, both kynurenine and anthranilic acid were detected suggesting Trp catabolism
by anthranilic acid pathway.
Combined activity in optimum assay conditions was detected from day 8,
increased between days I 0 to 18, and then decreased to negligible levels (Fig. 15). In
non-optimal enzyme assay conditions, enzyme activities were reduced by more than 50%
in all CFE tested (Fig. 15). In these assays anthranilic acid was also detected suggesting
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that kynurenine produced by action of Trp 2, 3-dioxygenase and kynurenine formidase
was further converted by kynureninase (Fig. 15) to anthranilic acid.

Antltranilic Acid Accumulation
Kynureninase was active in CFE obtained from cells incubated in
laboratory growth conditions (CDM with Trp and CDM with all three AAA) tested under
optimal enzyme assay conditions. Activities varied over culture incubation time (Fig.
15). The enzyme was also active in non-optimal enzyme assay conditions, but enzyme
activities decreased by 50-65% when compared to the optimum assay conditions (Fig.
15). Negligible activities were observed in CFE prepared from cells incubated in CDM
with Phe and Tyr (Fig. 15), suggesting kynureninase was not produced in the absence of
Trp in CDM. Specific activities of kynureninase studied as a separate assay using
kynurenine as a substrate had much greater activities compared to those detected when
Trp was used as a substrate in both optimal and non-optimal assay conditions (Fig. 15),
despite this, kynureninase activity was minimal in non-optimal assay conditions.
From these observations, we hypothesized that the enzymes of the anthranilic acid
pathway present in B. linens BL2 follow a cascade of reactions to produce kynurenine and
anthranilic acid. These compounds are not associated with off-flavors in cheese.

CONCLUSIONS

The aim of this study was to delineate pathways for catabolism of Trp in B. linens
BL2. Culture supematants indicated that the anthranilic acid pathway was the main Trp
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catabolic route. However, this organism also degraded Trp by other pathways leading to
unknown aromatic catabolites.
Although aromatic A Tase activities were detected in brevibacteria by other
researchers, the lack of evidence for this route in capillary electrophoresis analyses
suggests that this may not be the preferred pathway in strain BL2.
All enzymes tested remained active under non-optimal assay conditions.

B. linens BL2 in cheese-like incubation conditions did not utilize Trp suggesting that the
contribution of this organism towards production of Trp catabolites was negligible.
Therefore, it is unlikely that B. linens BL2 will produce compounds associated with offflavors in cheese.
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CHAPTER VI
QUANTITATION OF AROMATIC AMINO ACIDS AND TRYPTOPHAN
CATABOLITES FROM CHEDDAR CHEESE

ABSTRACT

During cheese maturation, starter and flavor adjunct bacteria degrade peptides and
amino acids into desirable and undesirable cheese flavor compounds. Aromatic amino
acid catabolism by cheese-related bacteria leads to the formation of unclean flavor
compounds in cheese, such as indole and skatole. Extraction and analysis of these AAA,
and tryptophan (Trp) catabolites from cheese presents a considerable challenge. Existing
extraction techniques involve multiple extraction steps that are cumbersome, provide
qualitative information, and preclude quantitative analysis. Comparison of five extraction
solvents indicated that methanol quantitatively extracted AAA and Trp catabolites
directly from cheese at efficiencies ranging from 4 7-150%. Methanol was used to extract
Cheddar cheese made with Lactococcus lactis S3 alone and in combination with

Brevibacterium linens BL2 to determine the influence of BL2 on the occurrence of
aromatic catabolites. All cheeses contained aromatic amino acids, indole acetic acid, and
indole. The concentration and time taken for development of these compounds were
significantly decreased or delayed by the addition of B. linens BL2. After 6 months of
aging, the concentrations of Trp catabolites were significantly lower in cheese made with

B. linens BL2, indicating that BL2 did not directly contribute to Trp catabolite production
in Cheddar cheese.
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INTRODUCTION

Proteolysis in Cheddar cheese is one of the most important and a complex process
that occurs during cheese ripening. It involves a complex interaction between the
coagulant and bacterial proteases to produce a myriad of peptides (Fox, 1989). These
peptides directly impact bitterness (Broadbent et al ., 1998) and are subsequently involved
in a series of biochemical reactions that lead to flavor development during cheese
ripening. During cheese maturation, starter and flavor adjunct bacteria degrade large
molecular weight peptides into low molecular weight peptides and amino acids, which
are the precursors to production of desirable and undesirable flavor compounds
(Lawrence et al., 1976; Tsakalidou et al ., 1993).
Use of flavor adjunct bacteria to modify and accelerate ripening in Cheddar
cheeses is well established (Kristoffersen et al ., 1966; LaBell et al., 1992; Law, 1984,
Weimer et al., 1997). However, use of specific biochemical pathways to target flavor
modification is a new approach to changing cheese flavor. One approach is to reduce off
flavor compounds. Aromatic amino acid (AAA) metabolism is associated with
undesirable flavor compound formation in Cheddar cheese (Gao et al., 1997; Gummalla
and Broadbent, 1999, 2001 ; Ummadi and Weimer, 2001).
Off-flavor compounds in cheese are associated with elevated levels of non-starter
lactic acid bacteria (NSLAB) populations, adjunct lactobacilli and adventitious
micrococci (Badings et al ., 1967; Bhowmik et al., 1990; Elliot et al., 1981; Kowalewska
et al., 1985; LaBell et al., 1992; Law, 1984; Lee et al., 1990; Sheldon et al., 1971).
However, aromatic metabolites produced by lactococcal cell free extracts in a defined
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medium simulating cheese-ripening conditions were found by Gao et al. (1997).
Gummalla and Broadbent (1999) linked AAA metabolism by flavor adjunct lactobacilli
to production of unclean flavors in Cheddar cheese. Ummadi and Weimer (2002) found

Brevibacterium linens BL2 to catabolize Trp to produce kynurenine and anthranilate,
compounds not associated with off flavors, during growth in a defined medium without
carbohydrate at pH 6.8, but these compounds were not found when grown in cheese-like
conditions (pH 5.2, 4% NaCl , static incubation, l 5°C). Strikingly, most catabolic studies
were done using a defined medium, but little work has been done to extract, identify and
quantify aromatic amino acid catabolites from Cheddar cheese. This lack of information
leaves doubt to the exact mechanisms and contributions by specific microbial populations
during cheese ripening.
Unclean flavor compounds that are commonly produced by cheese-related
microorganisms are indole, skatole, indole-3-ethanol, indole-3-aldehyde, p-cresol,
phenol, phenethanol, and phenyl-acetaldehyde. When produced above the respective
flavor threshold, these compounds contribute to putrid, fecal , and rosy unclean flavors in
cheese (Aston & Creamer, 1986; Dunn & Lindsay, 1985; Law & Sharpe, 1977; Lowrie &
Lawrence, 1972; Manning, 1979; Vangtal & Hammond, 1986). Compounds such as
indole, skatole, tryptamine, phenol, tyramine, p-cresol, and phenethanol are found in
cheese (Guthrie, 1993; Lee and Richard, 1984; Marth, 1963; Ney, 1981; Parliment et al. ,
1982; Salo, 1970; Schormilller, 1968; Urbach et al., 1972). However, the mechanisms for
production of these compounds in cheese by starter cultures or flavor adjunct bacteria are
undefined.
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During the initial periods of flavor and aroma research, analytical investigations
of aroma compounds were performed using "Odor Activity Values" (OA V), synonymous
with "odor unit" and "odor value" of volatile compounds in terms of the ratio of the
concentration of the odorant in the material to the odor threshold (Ullrich, and Grosch,
1997; Milo and Reineccius, 1997; Grosch, 2001). However, this approach has not been
applied to define the non-volatile off-flavor compounds in cheese.
Various approaches are used to extract and fractionate peptides, free amino acids
that contribute to cheese flavor (McSweeney and Fox, 1993). Water extractions are
commonly used because they imitate flavor release during eating/mastication. Also, it is
an efficient procedure for separating small water-soluble peptides and estimate free
amino acids generated by proteolysis in cheese (Rank et al. , 1985; Reiter et al., 1969;
Kuchroo and Fox, 1982). Garcia Sanchez et al. (1996) and Meuwly and Pilet (1991) used
organic solvent extractions to extract aromatic catabolites from complex matrices like
bovine serum and baby corn that involve multiple extraction steps before analysis.
Several fractionation schemes with precipitants that involve fractionation with ethanol,
acetone, chloroform, phosphotungstic acid (PTA), sulfosalicylic acid (SSA), etc. were
used by Fox (1989) to isolate specific homogeneous peptides from cheese. Combinations
of chloroform/methanol, methanol/water, and butanol were used to extract bitter and
astringent peptides from dairy products (Fox, 1989; Harwalkar and Elliot, 1971; Rank et
al., 1985; Visser, 1977), but none of these methods evaluated extraction of aromatic
compounds. Therefore, a need exists to develop a quantitative method that can
efficiently extract AAA and Trp catabolites from a cheese matrix. The aim of this study
was to extract and quantify aromatic amino acids and Trp catabolites from Cheddar
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cheeses made with L. lactis S3 and in combination with B. linens BL2. To do this a
quantitative extraction procedure was developed using methanol.

MATERIALS AND METHODS

Preparation of Aromatic Standards

Tryptophan (Trp), phenylalanine (Phe), tyrosine (Tyr), kynurenine (Kyn), indole3-acetic acid (IAA), indole, indole-3-aldehyde (I3A), anthranilic acid (Anth), skatole and
tryptamine (Tryp) were obtained from Sigma Chemical (St. Louis, MO, USA), and used
as analytical standards. Stock solutions (I 0 mM/mL) of the amino acids Trp and Phe
were prepared in distilled deionized water (ddH 2 0); while Tyr was made in 10 mM
NaOH.
The other standards were suspended in 50% acetonitrile, and stored at 4 °C when
not in use. Prior to CE analysis, stock solutions were diluted using a 100 mM sodium
borate buffer (pH 8.50) containing 40 mM SDS to a final concentration of 100 µM in the
standard mix. Solvents used for cheese protein precipitation, and extraction of aromatic
metabolites were (i.e., methanol , acetone, ethyl acetate, and ethyl ether) obtained from
Sigma Chemical (St. Louis, MO, USA). Phosphotungstic acid (PTA) and sulphuric acid
precipitation was also performed as described by Jarrett et al. (1982). The data is
included in Appendix C.
To estimate the extraction efficiencies of these compounds in cheese, four
different extraction treatments were used in this study. Standards were diluted to a final
concentration of 400 µM were spiked into each solvent to evaluate the extraction
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efficiency without the cheese matrix (solvent system). Commercial mild Cheddar cheese
purchased from a local store was spiked with AAA and 7 Trp catabolic compounds to
evaluate extraction efficiency in cheese (cheese system). Cheeses without any spiked
standards were used as a control. Standards dissolved in solvents without any extraction
treatment, were used as an initial control sample. Pure solvents were used as negative
controls to determine spontaneous degradation products and also to obtain a base line for
the chromatogram profile. The extraction efficiency of standards in solvent and cheese
systems were calculated by obtaining the difference in peak areas of the standards in
solvent to that of the initial control sample (i.e., standards before extraction) (Eq. 1).

Extraction efficiency(%)=
{

Peak Areaa
Peak Areab

}

x

100

Eq.1

Peak Areaa = Peak area of individual standards in solvent system after extraction,
Peak Areab = Peak areas of individual standards before extraction.

Cheese Sample Preparation

Commercial Cheddar cheese was shredded and 4 grams was mixed with 36 mL of
ddH 20 and homogenized using the polytron homogenizer (Kinematica GmbH, CH-6005
Luzem, Switzerland) at 10,000 rpm for 5 min at room temperature. Aqueous fractions
were collected after centrifugation (16,300 x g for 30 min, at 4°C) and residual fat was
removed by sequential filtration through Whatman GF/A, #2, and #5 filter paper
(Whatman, International Ltd., Maidstone, U.K.). The cheese pellet from the first water

112
extraction was re-suspended in 36 ml of ddH 2 0 , re-homogenized and centrifuged (16,300
x g for 30 min, at 4°C). The supernatant portion of the extracts were collected and pooled
into a 100 ml separating flask and concentrated using a Speed Vac® (Model AES1010;
Savant Instruments, Inc. , Holbrook, NY). The resulting concentrate (2-5 ml) was
fractionated in a 1,000 MW cut-off (MWCO) polyethersulfone membrane Centriprep ™
(Pall Filtron, East Hill, NY) by centrifugation (3,000 x g at 4°C for 1 h). The resulting
filtrate was used for analysis by CE. Before the concentrate was added to the
fractionation units, passivation of the Centriprep units with 2 mL of 100% methanol.
Centrifugation (3,000 x g at 4°C for 30 min.) with methanol was performed to minimize
non-specific binding of the compounds to the Centriprep membrane (Pall Gelman
Sciences, Nanosep® application guide).

Organic Solvent Extractions

Various solvents with varying polarity index were evaluated. Water (P'= l 0.20),
methanol (P'=6.60), acetone (P '=5.40), ethyl acetate (P'=4.30), and ethyl ether (P'=2.90),
were assessed to recover AAA and Trp compounds spiked in cheese. Similar to water
extraction method, 4 g of shredded Cheddar cheese was spiked with the aromatic
standards, mixed with 36 ml of the appropriate organic solvent in a 50-mL centrifuge
tube and homogenized using the Polytron homogenizer at 10,000 rpm for 5 min at room
temperature (Kinematica GmbH, CH-6005 Luzern, Switzerland). The solvents were
I 00% pure, HPLC grade methanol, acetone, ethyl acetate or ethyl ether (peroxide free).
The cheese pellet from the first solvent extraction was re-suspended in an additional 36
ml of respective solvent and re-homogenized. The pooled solvent extracts for each

113
solvent were centrifuged (16,300 x g for 30 min, at 4°C) and individually concentrated
using the Speed Vac® system (Savant Instruments, Inc., Holbrook, NY). The
concentrated (2-5 ml) samples were then fractionated with 1,000 MWCO (1-k)
Centriprep units. The 1-k filtration units were passivated before the concentrates were
added and filtrates were analyzed using MECC analysis.

Cheddar Cheese Sample Preparation

Out of total 21 Cheddar cheeses (60% reduced fat) manufactured, cheeses made
with single starter culture S3 and in combination with B. linens BL2 were chosen for this
study (Weimer et al., 1997). Cheeses were extracted with I 00% methanol, fractionated
using 1-k filters, and analyzed for aromatic catabolites. In addition to the above cheeses,
commercial Limburger cheese, purchased from the local cheese store was also analyzed
for aromatic metabolites. In addition to the above analysis, specific peptide analysis
(peptide fragments a s 1 CN (fl-9) and B-CN (fl 93-209) were performed as described by
Broadbent et al. (1998 ; 2002) using 30, 000 MW (30-k) cheese extracts and RP-HPLC,
and the data is included in Appendix C.

Micellar Electrokinetic Capillary Electrophoresis
(MECC) analysis

Capillary electrophoresis as described by Strickland et al. (1996) was done using
a P/ACE™ 2100 automated capillary electrophoresis system fitted with System Gold
software (Beckman Instruments, Inc., Fullerton, CA). Sample electrophoresis was done
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with 100 mM sodium tetraborate containing 40 mM SDS (pH 8.5) as the run buffer for 30
min at 15 kV, at 25 °C with a 1-s pressure injection into a 75µm i.d. x 57 cm untreated
silica capillary. Sample detection was achieved at 200 run with a detector range of 0.02
AUFS and a data collection rate of 2 Hz.
The AAA and Trp metabolites used as standards in this study were Trp, Phe, Tyr,
Kyn, IAA, indole, BA, Anth, skatole, and Tryp. Compound identification was confirmed
by co-injection with pure standards in the run buffer, and by comparison of UV
absorption spectra of unknown peaks and that of known standards (R2>0.950). Duplicate
analysis was performed for all runs and the concentrations were calculated using standard
curves that were performed using the standard run buffer. Pure methanol control was
included while analyzing the cheese extracts on CE, to obtain a base line for all the
chromatograms.

Sensory Analysis

Analysis was carried out by descriptive trained taste panels at the University of
Wisconsin-Madison, as described in Weimer et al. (1997). Panels consisted of 6-10
experienced judges who evaluated the cheeses for flavor and body characteristics using
category scaling and giving a consensus rating in all categories except for flavor and
body and texture preference.
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Statistical Analysis

Data was analyzed using the JMP statistical software (version 3.5.1; SAS institute
Inc., Cary, NC). Least square difference tests were performed to calculate the differences
between means (a< 0.05).

Flavor Activity Value

Similar to Odor Activity Value (OA V), flavor activity value was calculated for
the off-flavor compounds that had an off-flavor threshold (Eq. 2)

Flavor compound
Concentration
Flavor activity val ue (FA V) ==

Eq.2
Flavor Threshold

N

RESULTS & DISCUSSION

The hypothesis of this study was that addition of B. linens BL2 increases aromatic
amino acid catabolites associated with off-flavors. To test this hypothesis a hydrophobic
solvent extraction was developed to quantitatively extract AAA and the catabolites from
a cheese model system, before investigating the occurrence of AAA and Trp catabolites
in 60% reduced fat Cheddar cheeses made with L. lactis S3 alone and in combination
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with B. linens BL2. Commercial Limburger cheese was also extracted with methanol, and
analyzed for the presence of aromatic compounds as a positive control.

CE analysis

CE analysis achieved a baseline separation of 10 aromatic compounds in 100 mM
sodium tetraborate containing 40 mM SDS (pH 8.5) within 18 min (Fig. 16). The method
was repeatable and the peak resolution and elution times of the Trp catabolites were not
noticeably different to that of Strickland et al. (1996). Therefore, this analytical method
was used to determine the Trp catabolites extraction from cheese.

Solvent Extractions

Organic solvents with a varying polarity index (P ' ) were used to extract AAA and
Trp catabolites from cheese spiked with known concentrations. Each solvent was
evaluated for the extraction efficiency of each catabolite of interest before use in cheese.
Ethyl ether (P'=2.9), ethyl acetate (P '=4.3), acetone (P '=5.4) extracted differing subsets
of the spiked standards. Only methanol (P'=6.6) and water (P' = l 0.2) extracted all the
standards from cheese (Fig. 17).
Water (P'=l 0.20) extractions of cheese are one of the most popular methods used
to assess cheese ripening by extracting specific peptides, free amino acids (Kuchroo and
Fox, 1993 ; McSweeney and Fox, 1993). When AAA and Trp catabolites were spiked
into Cheddar cheese, it was only possible to identify 8 of the 10 aromatic compounds
from water extracts (Fig. 17). Initially, indole and skatole could not be detected, because
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they were adsorbed to the modified polyethersulfone membrane of the 1,000 MWCO
Centiprep® filter.
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Figure. 16. Micellar electrokinetic capillary chromatography of L-Trp and Trp
catabolites in 40 mM SDS-1 OOmM sodium tetraborate run buffer. Compounds included
in the electropherogram were 1, Tryptophan, 2, phenylalanine, 3, tyrosine, 4, kynurenine,
5, indole-3-acetic acid, 6, indole, 7, indole-3-aldehyde, 8, anthranilic acid, 9, skatole and
10, tryptamine. A 200 = absorbance at 200 nm.

Studies to prevent adsorption of these compounds onto the Centi prep®
membranes indicated that saturating the fractionation units with 100% methanol before
use (passivation), prevented the compounds from adhering to the membranes (Appendix
C). After passivation, the indole and skatole extraction efficiencies from cheese model
system were much lower (20-35%). This may be attributed to either their hydrophobic
nature(% solubility) of the compounds, consequently rendering them only to be partially
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soluble in water, or their strong non-covalent, hydrophobic interactions with the protein
matrix that may prevent complete extraction of these compounds with water.
Methanol extraction was selected for further use because this solvent
quantitatively extracted each of the standards, with 9of10 standards being extracted with
>60% efficiency. The exception, anthranilate, has not been identified in Cheddar cheese.
Extracting the amino acids Tyr and Phe from the cheese matrix resulted in higher
efficiency rates of 150 and 130% respectively (Fig. 17). The overestimation of amino
acids can be attributed to the inherent presence of AAA varies from 1.4 g/l 00 g protein to
2:10.9g/l 00 g protein (Fox, 1993).
Water extraction of cheese is one of the most popular methods used to assess
cheese ripening by extracting specific peptides and free amino acids (Kuchroo and Fox,
1982; McSweeney and Fox, 1993). Though water was able to extract the spiked aromatic
metabolites from Cheddar cheese, they were extracted at lower extraction efficiency
(- 22-86%) than methanol (47-100%). Indole and skatole extraction efficiencies from
water extracts were much lower (20-35%) than methanol extracts (77-77.5%). This may
be attributed to either their hydrophobic nature(% solubility) of the compounds,
consequently rendering them only to be partially soluble in water, or their strong noncovalent, hydrophobic interactions with the protein matrix that may prevent complete
extraction of these compounds with water.
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Occurrence of AAA and Trp Catabolites in Cheddar Cheese

Limburger cheese was used as a positive control to evaluate the occurrence of
these compounds in cheese. All the compounds of interest were identified and
quantitated in the positive control cheese. Each AAA was found in all the cheeses tested
at levels ranging from 0.51 mg/g of cheese to 21.0 mg/g of cheese (Table 7). Trp
catabolites, such as IAA and indole, were also found (Table 7). The Tyr concentration in
cheese made with S3 alone decreased significantly (a<0.0001) during the 6 months of
npenmg.
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Figure 17. Extraction efficiencies of various solvents from cheese spiked with 400 µM of
each standard. The cheese was extracted with each solvent, concentrated, and fractionated
using 1-k Centriprep units before CE analysis.

Cheese made with the addition of BL2 remained relatively constant until 6
months when it decreased by ~78%. Phe concentrations increased significantly
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(a<0.0005) in cheeses made with BL2 addition. However the concentration remained
constant in both cheeses during ripening (a>0.05). The Trp concentration in cheese made
with S3 increased significantly (a<0.0001) during ripening time; however, addition of
BL2 to the cheese tripled the concentration at 1 month compared to S3 alone, but the
concentration did not significantly change (a>0.05) during aging. These observations
indicate that addition of BL2 significantly (a<0.0005) changed the concentration of AAA
in the cheese during aging. This raises the question of the metabolism of AAA by the S3,
BL2 and the interaction between the cultures to produce aromatic off flavors. Increasing
concentrations of AAA in cheese may be a result of proteolysis or amino acid production.
These data do not allow differentiation between these mechanisms in cheese; however
decreases in some of the amino acids suggest that the cultures can metabolize the amino
acids to form catabolic compounds. Metabolites from Trp have low threshold values
(<0.01 ppm) and the Trp concentration decreased with the addition of BL2. Therefore,
further experiments focused Trp catabolites during aging.
The aromatic compounds generated in all cheeses were identified and confirmed
by co-injection of the cheese extracts with pure standards, and comparing the diode array

UV absorption spectra of the identified compound to that of a known standard with a
R22'.:0.90. Quantitation of the amino acids and Trp catabolites were performed using
standard curves. Tryptamine (the decarboxylation product of Trp) was found in cheese
made with S3 and was not found with addition of BL2 (Table 7). However, the
concentration of tryptamine was 100 fold lower than the bioactive concentration (Chang
et al., 1985).

Table 7. Aromatic amino acids and Trp catabolites that were identified and quantified (mg/g of cheese) in
Cheddar cheeses made with starter culture S3 and in combination with B. linens BL2 during 1, 3, and 6 months
of cheese ripening. Commercial Limburger cheese was also evaluated for presence of aromatic catabolitesa.
Data represents means of two replicates, and was adjusted to obtain 100% efficiency.
L. lactis S3
L. lactis S3 with B. linens BL2
lb
Limburger
Aromatic
3
6
1
3
6
Compounda
1.93 ± 0.15
Tyr
21.00 ± 0.54 0.72 ± 0.54 10.64 ± 0.54 13.63 ± 0.54 2.33 ± 0.54
12.4 ± 0.54
8.97 ± 0.62
7.39 ± 0.36
7.31 ± 0.36 8.39 ± 0.36
5.77 ± 0.36
Phe
4.88 ± 0.36
7.64 ± 0.36
1.16±0.35
0.65 ± 0.05
0.62 ± 0.05 0.77 ± 0.05
0.51±0.05
Trp
0.21 ± 0.05
0.57 ± 0.05
0.07
± 0.03
ND
0.02±0.005 ND
ND
Tryp
ND
ND
NDb
0.05 ± 0.01
ND
ND
ND
ND
ND
Ant
0.46±0.16
0.06 ± 0.05
0.10 ± 0.05
0.12±0.05 ND
IAA
0.32 ± 0.05
0.13 ± 0.05
0.06 ± 0.01
0.19 ± 0.09
0.05 ± 0.01 ND
0.03 ± 0.01
0.06 ± 0.01
ND
Indole
Indole
950,000
300,000
(FAV)ct
150,000
300,000
250,000
ND
ND
aThe numbers depict the amount of compound present in mg/g of cheese.
btime in months
cND, not detected
dF AV= flavor activity values represented as ppm.
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Figure 18. Metabolism ofTryptophan in bacteria.

Anthranilic acid, a known Trp metabolite in BL2, was not found in any Cheddar
cheese during the study (Table 7). Ummadi and Weimer (2001) demonstrated BL2 has
the ability to produce anthranilic acid during growth in laboratory conditions, but not in
cheese-like conditions in CDM. This observation proves the prediction of Ummadi and
Weimer that BL2 would not metabolize Trp in cheese.
IAA (an intermediate in the conversion of Trp to skatole) (Fig. 18) concentration
was significantly different (a=0.006) with the addition of BL2. This metabolite was
observed at 1 month with S3 alone, but it was not observed until 3 months of aging with
the addition ofBL2 and the concentration was significantly (a=0.006) lower at all
ripening times. It is interesting to note that in cheese made with S3, Trp increased by
~63%

from 1 month to 3 months, while IAA decreased by ~60% during the same time

period (Table 7). However, these quantitative changes were not observed when BL2 was
added. This observation leads one to speculate that IAA was quantitatively converted
into Trp by S3. IAA, a precursor to skatole, can be converted to indole-3-pyruvate that
can be transaminated to Trp or reduced to indole-3-lactate, both of these reactions are
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reversible (Fig. 18). Gummalla and Broadbent (1999) found Lactobacillus casei and

Lactobacillus helveticus interconverted Trp and indole-lactate in cheese-like conditions,
suggesting that conversion ofIAA to Trp via indole-3-pyruvate is possible (Fig. 18).
These data demonstrate an interaction between S3 and BL2 for Trp and IAA metabolism,
with BL2 causing a delay, but the metabolic mechanism is unclear. The direct approach
to clarify this metabolic interaction is to use radiolabelled amino acids directly in cheese
and that experiment is not possible.
Indole was produced by 1 mo in cheese made with S3 at concentrations that were
1500 fold above the threshold. During aging the concentration of this compound doubled
within 3 mo where it remained. Similar concentrations of indole were observed with the
addition of BL2, but the formation was delayed to 6 mo. Guthrie (1993) showed that
Cheddar cheese manufactured with Lactobacillus casei as an adjunct, produced unclean
flavors such as indole and p-cresol. Indole formation can be a single step reaction
producing indole, pyruvate and ammonia that is catalized by tryptophanase (Fig. 18).
However, neither Ummadi and Weimer (2001) nor Gumm all a and Broadbent ( 1999)
observed this enzyme in BL2 and lactobacilli, respectively. Despite the lack of a
metabolic mechanism, it is clear that addition of BL2 delayed indole formation .
Sensory evaluation of these cheeses was performed by trained taste panelists.
Addition ofBL2 significantly reduced (a<0.05) the off-flavor scores from 2.4 to 2.1.
Despite the increased concentrations of indole, when compared to the off-flavor
threshold, BL2 still reduced the off-flavor score in a sensory trained panel.
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CONCLUSIONS

Comparison of solvent extractions, indicate that methanol quantitatively extracted
all AAA and trp catabolites from cheese. AAA, IAA, indole, and tyrptamine were
identified from Cheddar cheeses made with S3 produced Trp catabolites during the first
month of aging. Cheeses made with B. linens BL2 significantly delayed and decreased
Trp metabolite formation during ripening, suggesting that BL2 did not directly contribute
to off-flavor production in Cheddar cheese.
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CHAPTER VII

SUMMARY AND CONCLUSIONS

Cheese flavor development is largely a consequence of complex set of reactions
in the curd involving action of endogenous milk enzymes, coagulant, and microbial
proteinases and peptidases (Reiter and Sharpe, 1971 ). Proteinases and peptidases are
important to cheese flavor but little is known about the contribution of the subsequent
amino acid catabolic enzymes in cheese (Fox, 1993). As a result, most cheese
manufacturers rely on experience and empirical information to select strains for cheese
making based on proteolytic capability acid production rate. With increasing amino acid
catabolic information, one hopes that cheese manufacturers will select cultures based on
defined flavor performance and metabolism. However, that day has not arrived, but this
work was done in an effort to make this hope a reality.
Attempts to consistently produce a desirable reduced-fat Cheddar cheese are
impeded by a propensity for flavor defects such as meaty-brothy, putrid, fecal , and
unclean off-flavors in these products. Studies suggest that AAA catabolism by starter
lactococci and flavor adjunct bacteria have a significant impact on off-flavor
development. Therefore, the influence of starter and adjunct bacteria to minimize off
flavor development and maximize beneficial flavors during cheese ripening must be
investigated. This study began with a desire to use B. linens BL2 as a flavor adjunct in
low and full fat cheeses because it produces proteases and beneficial sulfur compounds,
but may produce off-flavors from aromatic amino acids.
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HYPOTHESIS

Aromatic amino acids are degraded by Brevibacterium linens to catabolites that
contribute to off-flavor development in Cheddar cheese.

OBJECTIVES

1.

To determine the metabolism of amino acids of B. linens BL2 in laboratory and
cheese-like conditions during Trp metabolism.

2.

To determine the Trp catabolites and assess the survival of B. linens BL2 when
grown in chemically defined medium (CDM), and incubated in laboratory (no
sugar, pH 6.5, 25 °C, aeration) and cheese-like conditions (no sugar, pH 5.2, 4%
(w/v) NaCl, l 5°C, static incubation).

3.

To investigate the occurrence of Trp catabolites in 60% reduced fat Cheddar
cheese with the addition of B. linens BL2.

4.

To delineate the Trp catabolic pathway in laboratory and cheese-·like conditions.

Metabolism of Amino Acids of B. linens BL2
in Laboratory and Cheese-like Conditions
During Trp Metabolism

In order to monitor amino acid metabolism during growth and survival of strain
BL2 in long-term incubation, a very sensitive method was needed to verify metabolic
activity. Initial work using automated HPLC amino acid analysis indicated that this
method was not adequate ; therefore, we developed a method that achieved high
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resolution and ultra-sensitive (attomole) detection of amino acids using CE-LIF
detection system. Chapter III describes that the method can separate, detect and quantitate
18 amino acids from CDM within 38 min. Lys and Trp were not detected by this method,
probably due to fluorescent quenching. The basis for the amino acid separation and
migration order is based on MECC separation, relies on partitioning of the solute
molecules between the micelles and the solvent phase.
This method was also used in Chapter IV to verify the metabolic activity of the
cells during incubation by monitoring the amino acid metabolism in the growth media
with and without Trp inoculated with B. linens BL2 and incubated in laboratory and
cheese-like conditions. During laboratory incubation conditions, the cell density reached
to 2: 109 cells/mL after 24 d in all media tested and pH of all media increased from 6.5 to
8.5 during the same time period. With Trp added, the amino acids were depleted by day
24 and Trp was depleted by day 18. During the initial 10 days of incubation, the total
amino acid content increased 8-13% above the initial concentration in both media tested.
The increase was associated with a few amino acids. Without Trp added, the total amino
acid content fluctuated and increased after day 30. These observations are not unusual
considering B. linens produces amino acids in cheese (Weimer, 1999).
In cheese-like conditions, the pH was maintained at 5.2 with the addition of
glucono-8-lactone. The cells survived for 45 d before they decreased to undetectable
levels. With the addition of Trp, the total amino acid concentration was dynamic (Fig. 9).
While the Trp concentration remained constant during the entire incubation period, the
other individual amino acid concentrations increased during incubation and utilized
unlike laboratory conditions. The concentrations remained above the initial
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concentration levels by the end of the 33-d incubation. These data indicate that the
cells were metabolically active despite decreasing plate counts.
Cell populations increased during laboratory and decreased during cheese-like
incubation conditions. Addition of Trp did not change the growth curve in laboratory or
cheese-like incubation conditions. Addition of Trp to CDM in cheese-like conditions
changed the individual amino acid utilization patterns. Based on these data we conclude
that B. linens BL2 was metabolically active in cheese-like conditions and hypothesized
that they will be active in cheese. This was tested in low fat Cheddar cheese while
examining aromatic metabolites from Trp.

Assess the Survival of B. linens BL2 when Grown

in CDM and Delineate the Trp Catabolic Pathway
in Laboratory and Cheese-like Conditions

Brevibacteria are known to contribute high levels of methanethiol than lactococci,
micrococci and lactobacilli (Dias, 1998), and is known to impart an improved Cheddartype flavor to cheese. Recent studies suggest aromatic amino acid catabolism in starter,
adjunct, and non-starter lactic acid bacteria significantly impact off-flavor development
in cheese. To date, reports of aromatic metabolites have focused on the occurrence in
cheese. However, the metabolic mechanisms associated with these compounds in cheese
have not been described. This work meets objective 4. It was combined with work from
objective 2 and was discussed in Chapter V.
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The Trp catabolic pathway in Brevibacterium linens BL2 was investigated
during growth in a CDM and incubated in laboratory and cheese-like conditions. B.
linens BL2 degraded Trp in laboratory conditions to kynurenine, anthranilate, and three
other unknown compounds, indicating that Trp was catabolized by various routes but
primarily via the anthranilic acid pathway. However, in cheese-like conditions, B. linens
BL2 did not utilize Trp. Enzyme studies using cell free extracts incubated in laboratory
conditions and assayed at optimal and non-optimal assay conditions revealed Trp
transaminase (EC 2.6.1.27) was active before enzymes of the anthranilic acid pathway
were detected. The products of the Trp transaminase activity were not, found in the
culture supernatant, indicating these intermediates were not exported nor accumulated by
the cells. Enzymes assayed in cheese-like conditions had considerably lower enzyme
activities than found in laboratory conditions. Based on the results, we hypothesize that
these enzymes are not likely to be involved in the formation of compounds associated
with off-flavors in Cheddar cheese. This was investigated in low fat Cheddar cheese and
was described in Chapter VI.

Investigate the Occurrence of Trp Catabolites
in 60% Reduced Fat Cheddar Cheese with
the Addition of B. linens BL2.

Numerous researchers have studied aromatic amino acid catabolism in synthetic
growth media and extrapolated the data to cheese. Extraction and identification of
specific aromatic metabolites from cheese made with starter and flavor adjunct
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combinations would enable us to conclusively say that the organisms are indeed
capable of degrading aromatic amino acids to produce off-flavors in cheese. Previous
work uses water extracts and qualitatively identified catabolites from cheese that have an
impact on flavor. This approach mimics the water phase of cheese and is aimed at
defining the water-soluble compounds in cheese. However, the aim of this work was to
determine the concentration of these compounds in cheese during ripening and that
requires a quantitative extraction procedure. To meet this need various extraction
solvents were evaluated to quantitatively extract AAA and Trp catabolites directly from
cheese. These data were described as part of Chapter VI.
An analytical method was developed to extract, detect and quantify aromatic
amino acids and tryptophan catabolites from cheese using capillary electrophoresis. The
methanol extraction method was capable of successfully detecting Tyr, Phe, Kyn, Trp,
IAA, indole, indole-3-acetamide, anthranilate, tryptophol , tryptamine, and skatole from a
standard mix solution within 18 min. Evaluating Cheddar cheeses made with L. lactis
SJ, and in combination with B. linens BL2 identified Tyr, Phe, Trp, IAA, indole, and
tryptamine, indicating that cheese microflora are capable of degrading Trp. It was
interesting to note that cheeses made with B. linens BL2 delayed formation of Trp
compounds during cheese ripening. The data are in agreement with our earlier
observations that B. linens BL2 grown in a synthetic growth medium cannot degrade Trp
in cheese-like incubation conditions.
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CONCLUSION

We hypothesized that Brevibacterium linens BL2 metabolizes aromatic amino
acid catabolism, especially Trp, to aromatic compounds that contribute to off-flavor
development in Cheddar cheese. The hypothesis was rejected. B. linens BL2 utilized
Trp in laboratory growth conditions to produce kynurenine, anthranilate and 3 unknowns.
None of the identified compounds are associated with off-flavors in cheese. BL2 did not
degrade Trp in cheese-like conditions further indicating that it is unlikely that this
organism can produce off-flavors in cheese. Trp catabolites, IAA and indole, were
identified in all cheeses. Production of Trp catabolites were significantly delayed by the
addition of B. linens BL2. After 6 months of aging, the concentrations of Trp catabolites
were significantly lower in cheese made with B. linens BL2, compared to the control (S3
alone), indicating that BL2 did not directly contribute to Trp catabolite production in
Cheddar cheese. BL2 did not metabolize Trp to aromatic off flavor compounds in the
laboratory nor in cheese, indicating that it is an excellent flavor adjunct.
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Appendix B
Supplemental Data from Chapter IV
(Amino acid utilization by B. linens BL2)
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B-1. Total amino acid and Trp utilization by B. linens BL2 when grown in CDM with
AAA incubated in laboratory conditions. The symbol (• )indicates total amino acid
concentrations and (• ) indicates cell count, and ( + ) indicates concentration of Trp in the
medium.
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B-4. Utilization of Met and Cys by B. linens BL2 when grown in CDM with AAA. The
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growth conditions. ( •) represents Met and (A) Cys concentrations when incubated in
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B-5 . Utilization of Ile, Leu, and Arg by B. linens BL2 when grown in CDM with 5 mM
Trp. The symbol (+)represents Ile, (A) Leu, and(•) Arg concentrations when
incubated in laboratory growth conditions. Symbols (o) represents Ile, (x) Leu and ( •)
represent Arg concentrations when incubated in cheese-like growih conditions.

II)

-c

I-+- lie -o- CL-lie ___....__Leu ---¥.--CL-Leu --Arg ....._ CL-Arg

100

····--·-·---··---·-·-···---·--···---··------·---··---------------·---·-··--·--·-···-----·-·---··-·-····-·---·-····-··---··----'------!

90
0
80
c:
10
~ ~ 60
o E
II)
0 50
c: ...
.Q .~ 40
~ E. 30
~
20
(.)
(.)

C'O

·e -;: :-

c:

10

u

0

0

0

3

8

10

13

15

18

21

24

30

33

Time (Days)
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B-8. Utilization of Gly/Val by B. linens BL2 when grown in CDM with AAA The
symbol ( +) indicates Glycine and Valine concentrations represented together when
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B-9. Utilization of Glu and Gln by B. linens BL2 when grown in CDM with 5 mM
Trp. The symbol(+) indicates Glu and(•) Gln concentrations when incubated in
laboratory growth conditions. ( £.) represents Glu and ( •) Gln concentrations when
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B-10. Utilization of Glu and Gln by B. linens BL2 when grown in CDM with
AAA. The symbol ( +) indicates Glu and ( •) Gln concentrations when incubated in
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B-12. Utilization of Asn and Asp by B. linens BL2 when grown in CDM with
AAA. The symbol ( +) indicates Asn and ( •) Asp concentrations when incubated
in laboratory growth conditions. (A) represents Asn and ( •) Asp concentrations
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B-13: Utilization of Ser and Thr by B. linens BL2 when grown in CDM with 5 mMTrp
and incubated in laboratory and cheese-like conditions. The symbol ( +) indicates Ser
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B-14: Utilization of Ser and Thr by B. linens BL2 when grown in CDM with AAA. The
symbol (+)indicates Ser and(•) Thr concentrations when incubated in laboratory
growth conditions. (A) represents Ser and ( •) Thr concentrations when incubated in
cheese-like growth conditions.
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B-15: Utilization of Ser and Thr by B. linens BL2 when grown in CDM with Phe and
Tyr . The symbol ( + ) indicates Ser and ( • ) Thr concentrations when incubated in
laboratory growth conditi ons . ( A) represents Ser and ( •) Thr concentrations when
incubated in cheese-like growth conditions.
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B-16: Utilization ofTyr and Phe by B. linens BL2 when grown in CDM with Trp. The
symbol ( +) indicates Tyr and ( •) Phe concentrations when incubated in laboratory
growth conditions. (A) represents Tyr and ( •) Phe concentrations when incubated in
cheese-like growth conditions.
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B-17: Utilization of Tyr and Phe by B. linens BL2 when grown in CDM with AAA. The
symbol(+) indicates Tyr and(•) Phe concentrations when incubated in laboratory
growth conditions. (A) represents Tyr and ( •) Phe concentrations when incubated in
cheese-like growth conditions.
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B-18: Utilization ofTyr and Phe by B. linens BL2 when grown in CDM with Phe and
Tyr. The symbol(+) indicates Tyr and(•) Phe concentrations when incubated in
laboratory growth conditions. (A) represents Tyr and ( •) Phe concentrations when
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B-20: Utilization of His, Pro, and Ala by B. linens BL2 when grown in CDM with AAA.
The symbol ( +) represents His, (A) Pro, and ( •) Ala concentrations when incubated in
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concentrations when incubated in cheese-like growth conditions.
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Appendix C
Supplemental Data from Chapter VI
(Quantitation of Aromatic Metabolites and Peptides from Cheddar cheese)
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C-1: Recovery of hydrophobic aromatic metabolites from a standard mixture which was
passivated through a 1-k polyether sulfone membrane Centriprep TM (Pall filtron, East
Hill, NY). The centriprep was treated with 100% methanol and centrifuged for (3000 x g
at 4°C for 1 h) before standard mix was added to the filtration unit.

Phosphotungstic acid/sulphuric acid protein precipitation

PTA precipitation was done as described by Jarrett et al. (1982). Grated cheese (4
g) was homogenized with 2% sodium citrate solution (36 ml) and homogenized in a
Stomacher 400 (Seward Medical, Ltd., London, U.K.) for 5 min at room temperature.
The extracts were centrifuged (16,300 x g for 30 min, at 4°C) and the aqueous fractions
were collected after removing the upper fat layer with a clean spatula. An aliquot of the
aqueous fraction (I 0 mL) was precipitated using 3 ml of a 5% phosphotungstic acid
(PTA) and 7.0 ml of3.95 M sulfuric acid. The sample was refrigerated overnight to
complete precipitation of the proteins (Jarrett et al. , 1982; Reiter et al. , 1969).
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Subsequently, the sample was filtered through Whatman GF/A, # 2, and# 5 filter
paper (Whatman, International Ltd., Maidstone, U.K.). The filtrate was collected and
fractionated using passivated 1-k (1 ,000 MWCO) Centripreps™ (Pall filtron, East Hill,
NY) before MECC analysis.

Free amino acids/peptides extraction
PTA-H2 S04 is a very discriminating protein precipitant (McSweeney and Fox,
1993) and can be used to identify free amino acids, which are soluble in 5% PTA, but
peptides >600 Da are precipitated (Jarrett et al. , 1982). Recovery of the aromatic
compounds was low using this method (Fig. C-2).
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C-2. Phosphotungstic acid/sulphuric acid protein precipitation extraction efficiency of
aromatic standards. Cheddar cheese was spiked with 400 µM of each standard and
extracted with phosphotungstic acid/sulphuric acid and 1-k filtrates were analyzed using
CE. Shown in white bars are the calculated extraction efficiencies in a solvent system,
and black bars indicate the calculated extraction efficiencies in a cheese model system.
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MECC elution patterns were extremely complex, and the baseline was not straight
making it difficult to identify and quantitate compounds. This method may be more
suitable for estimating free amino acids rather than extracting aromatic compounds from
cheese.

Peptide analysis using HPLC
To characterize the peptide patterns and the type of peptides produced from
cheeses made with starter S3 and in combination with B. linens BL2, peptide analysis
were performed as described by Broadbent et al. (1998), using RP-HPLC. The 30, 000
MW (30-k) methanol cheese extracts samples were analyzed using a Beckman gradient
HPLC system equipped with a 125 dual pump, a 168 diode array detector, and a personal
computer-based data system controller (Beckman System Gold version 8.1; Beckman
Instruments, Fullerton, CA). The column was a C8 Brownlee Aquapore RP- 300 (2.1
mm x 10 cm Perkin Elmer/Applied Biosystems, Foster City, CA) with 300A pores and
7µm particle size. Eluant A was 0.1 % (vol/vol) trifluroacetic acid, and eluant B was
0.085% trifluroacetic acid in 80% acetonitrile. The proportion of eluant B in eluant A
was increased from 0% to 60% over the 60 min analysis period at a flow rate of 0.2
ml/min. Detection of peptides was done at 214 nm and the peaks were identified using
purified casein fragments as standards (Broadbent et al., 1998). Pure methanol control
was included while analyzing the cheese extracts, to obtain a base line for all the
chromatograms.
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Comparison of Cheddar and Limburger cheese peptide profiles using RP-HPLC
Two specific hydrophobic peptides as 1 casein (fl-9) and B-casein (fl 93-209)
were evaluated in both the Cheddar cheeses during 1, 3, and 6 months of aging. The
peptide fragments a s 1 CN (fl-9) and B-CN (fl 93-209), are known to be bitter peptides
(Lemieux & Simard, 1991 ; Broadbent et al. , 1998; Koka and Weimer, 2000). The bitter
flavor recognition level for as 1 CN (fl -9) is 0.78 mg mL- 1 in water, and for B-CN (fl93209) is 0.35 mg mL- 1 (Koka and Weimer, 2000).
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C-3. Relative abundance of casein-derived peptides a s 1CN (fl-9) and B-CN (fl 93-209)
in size fractionated methanol extracts of reduced-fat Cheddar cheeses made with starter
S3 and in combination with B. linens Bl2. The bars represent total peak areas for each
peptide analyzed after 1, 3, and 6 months ofripening.

Figure C-3 provides the pattern of production and breakdown of the as 1CN (fl9), and B-CN (fl 93-209) peptides during cheese ripening. It is interesting to note that
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peptide fragment as 1CN (fl-9) was generated at much higher levels by cheese made
with starter S3 alone, than S3 in combination with BL2 (Fig. C-3). Broadbent's work
indicates that S3 extracellular protease (lactocepin; group h) has specificity towards
peptide as1 CN (fl-23) under cheese like conditions, and forms as 1CN (fl-9) (Broadbent
et al. , 1998; 2002). Therefore, cheeses made with starter S3 accumulated a s 1CN (fl-9)
(Fig. C-3). The peak areas of as 1 CN (fl-9) fragments were nearly 4.7-6.8 times bigger
than B-CN (fl 93-209) fragments. Interestingly, with cheeses made with S3 in
combination with BL2, we observe a sharp decline of this a s 1 CN (fl-9) peak area from
3 to 6 months by ~ 76% (Fig. C-3) indicating possible proteolytic breakdown of this
peptide by both starter and adjunct enzymes.
Peptide B-CN (fl 93-209) on the other hand, was generated at slightly higher
levels by cheeses made with starter S3 in combination with BL2 than S3 alone (Fig. C-3).

B-CN in cheese is initially degraded by chymosin to form B-CN (fl 93-209) (Fox, et al.,
1996; Broadbent et al. , 1998 and 2002). However, it is efficiently hydrolyzed by
Jactococcal endopeptidase pepO, an intracellular enzyme released by cell autolysis
(Broadbent et al., 2002). This explains the appearance of smaller peak areas of B-CN
(fl 93-209), in cheeses made with starter S3 through out ripening (fig. C-3).
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Appendix D
Tyrosine and Phenylalanine Catabolism by B. linens BL2
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D-1: Concentrations of Phe catabolites accumulated in spent media when
Brevibacterium linens BL2 was grown in CDM spiked with 5 mML-Phe, and incubated
under laboratory growth conditions (no sugar, pH 6.50, 25°C, 220 rpm). Symbol (+)
denotes phe, (• )phenyl acetic acid and ( A ) colony forming units per rnL recovered .
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D-2: Concentrations of Phe catabolites accumulated in spent media when
Brevibacterium linens BL2 was grown in CDM spiked with 5 mM L-Phe, and incubated
under cheese-like growth conditions (no sugar, pH 5.20, 15°C, static incubation). Symbol
( +) denotes phe and (A) colony forming units per mL recovered
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D-3: Concentrations of Tyr catabolites accumulated in spent media when Brevibacterium
linens BL2 was grown in CDM spiked with 5 n1J\1L-Phe, and incubated under laboratory
growth conditions (no sugar, pH 6.50, 25°C, 220 rpm). Symbol (+) denotes Tyr, (• )
phenyl hydroxy acetic acid and ( A ) colony form ing units per mL recovered.
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D-4: Concentrations of Tyr catabolites accumulated in spent media when Brevibacterium
linens BL2 was grown in CDM spiked with 5 mM L-Phe, and incubated under cheeselike growth conditions (no sugar, pH 5 .20, l 5°C, static incubation). Symbol (+) denotes
Tyr and ( .6. ) colony formin g units per mL recovered.
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